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Introduction 


Li,  Shaoguang 


Human  chronic  myelogenous  leukemia  (CML)  is  induced  by  the  BCR-ABL  oncogene.  CML  often  initiates 
in  a  chronic  phase  and  eventually  progresses  to  an  advanced  terminal  blastic  phase,  in  which  either  acute  myeloid  or 
acute  lymphoid  leukemia  (AML  or  ALL)  develops.  Thus,  a  successful  treatment  of  CML  requires  dealing  with 
diseases  in  both  chronic  and  advanced  or  blastic  phases.  BCR-ABL  is  an  oncogenic  kinase.  It  is  generally  believed 
that  shutting  down  the  kinase  activity  of  BCR-ABL  will  completely  inhibit  its  functions,  leading  to  inactivation  of 
its  downstream  signaling  pathways,  consequently  stopping  cellular  transformation  by  BCR-ABL.  The  BCR-ABL 
tyrosine  kinase  inhibitor  imatinib  mesylate  (STI57 1  or  Gleevec)  is  the  preferred  treatment  for  chronic  phase  CML 
patients  '.  However,  imatinib  was  unable  to  abrogate  BCR-ABL-expressing  leukemic  cells  2,  and  induced  cellular 
and  clinical  drug  resistance  3  9.  Moreover,  imatinib  is  much  less  effective  in  treating  CML  blastic  phase  patients 
10,1 1,  and  primitive  leukemia  cells  are  insensitive  to  imatinib  treatment  12.  We  and  others  have  shown  that  imatinib 
prolongs  survival  of  mice  with  BCR-ABL-induced  CML  1314,  but  does  not  cure  the  disease  13.  We  have  also 
shown  that  imatinib  does  not  cure  mice  with  BCR-ABL-induced  ALL,  similar  to  CML  lymphoid  blast  crisis  13. 
Because  imatinib  is  a  strong  inhibitor  against  BCR-ABL  kinase  activity,  the  inability  of  imatinib  to  cure  CML  and 
ALL  in  mice  13  leads  us  to  hypothesize  that  a  BCR-ABL  kinase  activity-independent  pathway  also  plays  a  critical 
role  in  the  development  of  CML.  Our  preliminary  data  suggested  that  in  this  application,  we  would  test  our 
hypotheses  using  mouse  models  of  human  CML  13-17  and  ALL  1518.  Specifically,  we  would  study  the  role  of  this 
kinase-independent  pathway  in  the  development  of  chronic  phase  CML  and  advanced  phase  CML  represented  by 
B-ALL,  and  test  if  targeting  this  pathway  is  therapeutically  effective. 


Body 


With  the  support  from  this  grant,  we  were  able  to  complete  the  projects  outlined  in  the  Statement  of  Work. 
Below,  I  describe  in  detail  what  we  have  accomplished  during  two  years  with  the  support  from  the  Department  of 
Defense  (DOD).  The  results  for  all  completed  experiments  have  been  either  described  here  by  words  or  published 
(Hu  Y,  Swerdlow  S,  Duffy  TM,  Weinmann  R,  Lee  FY,  Li  S.  Targeting  multiple  kinase  pathways  in  leukemic 
progenitors  and  stem  cells  is  essential  for  improved  treatment  of  Ph+  leukemia.  Proc  Natl  Acad  Sci  USA 
103(45):  16870- 16875,  2006),  and  corresponding  numbers  of  figures  in  this  paper  are  used  below. 


Task  1.  To  determine  the  effect  of  Lyn,  Hck,  and  Fgr  in  survival  and  self-renewal  of  BCR-ABL-expressing 
hematopoietic  stem  cells  (HSCs): 


a.  Develop  a  FACS  analysis  to  identify  BCR-ABL-expressing  HSCs. 

By  FACS  analysis,  we  had  successfully  identified  BCR-ABL-expressing  hematopoietic  stem  cells 
(HSCs)  as  CML  stem  cells  in  mice.  These  stem  cells  are  Lin  Sca-l+c-Kit+  (Fig.  6B). 


b.  Determine  the  effect  of  Lyn,  Hck,  and  Fgr  in  survival  and  self-renewal  of  BCR-ABL-expressing 

HSCs  using  Src  knockout  mice. 

Bone  marrow  cells  from  Lyn 7  Hck r  Fgr r  or  wild  type  C57BL/6  (B6)  mice  were  transduced  with 
BCR-ABL  retrovirus,  followed  by  transplantation  into  B6  recipient  mice  to  induce  CML.  To  study  the 
role  of  these  Src  kinases  in  survival  regulation  of  CML  stem  cells  (BCR-ABL-expressing  HSCs),  bone 
marrow  cells  were  isolated  from  these  CML  mice,  and  compared  the  percentages  of  Lyn  Hck  Fgr  and 
wild  type  BCR-ABL-expressing  HSCs  in  side  population  (SP)  19.  We  found  that  the  percentage  of  BCR- 
ABL-expressing  HSCs  in  SP  in  recipients  of  BCR-ABL-transduced  Lyn 7  Hck  Fgr '  bone  marrow  cells 
was  significantly  less  than  that  in  recipients  of  BCR-ABL-transduced  wild  type  bone  marrow  cells, 
suggesting  that  lack  of  Lyn,  Hck,  and  Fgr  causes  a  reduction  of  CML  stem  cells.  This  conclusion  needs 
to  be  further  supported  by  more  detailed  in  vivo  FACS  analysis  in  the  future. 


c.  Demonstrate  the  role  of  Src  kinases  in  survival  and  self-renewal  of  BCR-ABL-expressing  HSCs 
using  the  dual  Src/BCR-ABL  kinase  inhibitor  BMS -354825. 
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This  experiment  is  to  provide  further  support  for  the  genetic  determination  of  the  effect  of  Lyn,  Hck, 
and  Fgr  in  survival  and  self-renewal  of  BCR-ABL-expressing  HSCs  using  Src  knockout  mice  (described 
in  Task  lb  above).  We  treated  CML  mice  with  BMS-354825  (Dasatinib),  and  analyzed  BCR-ABL- 
expressing  HSCs  in  SP  compare  to  those  of  placebo-treated  CML  mice.  BMS-354825  treatment  slightly 
reduced  the  percentage  of  BCR-ABL-expressing  HSCs  in  SP  (Fig.  5C),  suggesting  that  inhibition  of  Src 
kinases  may  have  an  inhibitor  effect  against  CML  stem  cells. 


Task  2.  To  test  whether  lack  of  Lyn,  Hck,  and  Fgr  prevents  transition  of  CML  chronic  phase  to  lymphoid  blast 
crisis: 


a.  Test  whether  Src  kinases  play  a  role  in  CML  transition  to  lymphoid  blast  crisis  using  Src  knockout 

mice  in  a  serial  transplantation  assay. 

We  tested  whether  Src  kinases  play  a  role  in  CML  transition  to  lymphoid  blast  crisis  using  a  serial 
transplantation  assay  16.  Mice  were  transplanted  with  BCR-ABL-transduced  bone  marrow  (BM)  cells 
from  either  wild  type  or  Lyn  '  Hck1  Fgr  '  mice  to  induce  CML,  and  BM  cells  from  the  CML  mice  were 
transferred  into  lethally  irradiated  syngeneic  recipient  mice.  Mice  receiving  wild  type  CML  BM  cells 
developed  ALL  diagnosed  by  FACS  using  GFP+CD43+B220+CD19+  as  markers,  whereas  mice  receiving 
Lyn  '  Hck' Fgr  '  CML  BM  cells  did  not  develop  this  disease  (Fig.  3E).  These  results  demonstrate  that 
lack  of  Lyn,  Hck,  and  Fgr  prevents  transition  of  CML  chronic  phase  to  lymphoid  blast  crisis. 


b.  Test  whether  Src  kinases  play  a  role  in  CML  transition  to  lymphoid  blast  crisis  using  BMS-354825 

in  a  serial  transplantation  assay. 

This  experiment  is  to  further  demonstrate  our  finding  through  genetic  approach  (described  in  the 
Task  2a  above),  which  shows  a  role  of  Src  kinases  in  CML  transition  to  lymphoid  blast  crisis.  Due  to  the 
shortage  of  BMS-354825  acquired  from  the  company,  we  were  unable  to  perform  this  experiment. 
Instead,  we  used  CML  stem  cells  identified  under  this  grant  support  to  study  inhibition  of  CML  stem 
cells  by  inhibition  of  heat  shock  protein  with  an  inhibitor.  This  study  has  been  published  recently  in  the 
journal  of  Blood  (see  the  attached  paper  in  Appendices),  and  the  DOD  support  has  been  mentioned  in 
this  paper. 


Task  3.  To  determine  whether  activation  of  Src  kinases  by  BCR-ABL  provides  a  mechanism  for  insensitivity  of 
ALL  in  CML  blastic  phase  to  imatinib  treatment: 


a.  Demonstrate  the  role  of  Src  kinases  in  causing  the  insensitivity  of  ALL  to  imatinib  using  wild  type 
BCR-ABL  and  BMS-354825. 

We  treated  ALL  mice  with  BMS-354825,  which  inhibits  both  BCR-ABL  and  Src  kinase  activity,  or 
with  imatinib,  which  only  inhibits  BCR-ABL  kinase  activity.  We  found  that  BMS-354825  more 
markedly  prolongs  survival  of  the  mice  than  imatinib  did  (Fig.  3A).  The  therapeutic  effects  of  these  two 
drugs  correlated  with  reduced  levels  of  GFP+  leukemic  cells  in  peripheral  blood  of  the  treated  mice  (Fig. 
3B).  To  demonstrate  that  the  weaker  therapeutic  effect  of  imatinib  is  not  due  to  a  failure  of  imatinib  to 
inhibit  BCR-ABL  kinase  activity  in  vivo,  we  examined  if  imatinib  significantly  inhibits  BCR-ABL 
phosphorylation  in  pre-B  leukemic  cells  from  peripheral  blood  of  the  treated  mice.  We  found  that 
imatinib  and  BMS-354825  similarly  inhibited  BCR-ABL  phosphorylation  in  mice  (Fig.  3C).  These 
results  demonstrate  that  Src  kinases  are  responsible  for  causing  the  insensitivity  of  ALL  to  imatinib. 

b.  Demonstrate  the  role  of  Src  kinases  in  causing  the  insensitivity  of  ALL  to  imatinib  using  the  BCR- 
ABL-T3 151  mutant  and  BMS-354825. 

We  treated  mice  with  BCR-ABL-T315I-induced  ALL  with  BMS354825  or  imatinib  to  compare 
survival  of  the  two  treatment  groups  of  mice,  allowing  only  investigating  the  effect  of  Src  inhibition  on 
ALL,  because  BCR-ABL-T315I  mutant  is  no  longer  sensitive  to  inhibition  of  its  kinases  activity  by 
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imatinib  and  BMS-354825,  but  its  activation  of  Src  kinases  is  not  affected  and  can  be  inhibited  by  BMS- 
435825.  We  found  that  inhibition  of  Src  kinases  by  BMS-435825  significantly  prolonged  survival  of  B- 
ALL  mice,  but  imatinib  did  not  (Fig.  2D),  demonstrating  that  the  ineffectiveness  of  imatinib  in  treating 
ALL  mice  was  due  to  the  Src  kinase  activation  that  was  not  inhibited  by  imatinib. 


Key  Research  Accomplishments 

1 .  Establishment  of  a  critical  role  of  Src  kinases  in  the  development  of  advanced  CML. 

2.  Identification  of  CML  stem  cells  in  mice. 

3.  Elucidation  of  the  role  of  Src  kinases  in  regulation  of  CML  stem  cells. 

4.  A  combination  therapeutic  strategy  for  treating  CML:  anti-CML  stem  cells  in  combination  with 
anti-proliferation  of  more  differentiated  leukemic  cells  (see  attached  published  paper). 


Reportable  Outcomes 

The  results  have  been  recently  published  in  the  journals  of  (1)  PNAS  (Hu  Y,  Swerdlow  S,  Duffy  TM, 
Weinmann  R,  Lee  FY,  Li  S.  Targeting  multiple  kinase  pathways  in  leukemic  progenitors  and  stem  cells  is 
essential  for  improved  treatment  of  Ph+  leukemia.  Proc  Natl  Acad  Sci  USA  103(45):  16870-16875, 
2006);  (2)  Blood  (Peng  C,  Brain  J,  Hu  Y,  Goodrich  A,  Kong  L,  Grayzel  D,  Pak  R,  Read  M,  Li  S. 
Inhibition  of  heat  shock  protein  90  prolongs  survival  of  mice  with  BCR-ABL-T315I-induced  leukemia 
and  suppresses  leukemic  stem  cells.  Blood  1 10(2):678-685,  2007);  and  (3)  J.  Cell.  Mol.  Med.  (Li  S,  Li 
D.  Stem  cell  and  kinase  activity-independent  pathway  in  resistance  of  leukemia  to  BCR-ABL  kinase 
inhibitors.  J.  Cell.  Mol.  Med.  11(6):  125 1-1262,  2007). 


Conclusions 

Src  kinases  are  essential  for  leukemic  cells  to  survive  imatinib  treatment  and  for  CML  transition  to 
lymphoid  blast  crisis.  Src  kinases  are  valuable  therapeutic  targets,  and  inhibition  of  both  Src  and  BCR- 
ABL  kinase  activities  by  BMS-354825  is  critical  to  ALL  treatment.  Src  kinases  may  also  play  a  critical 
role  in  regulation  of  CML  stem  cells. 
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It  is  generally  believed  that  shutting  down  the  kinase  activity  of 
BCR-ABL  by  imatinib  will  completely  inhibit  its  functions,  leading  to 
inactivation  of  its  downstream  signaling  pathways  and  cure  of  the 
disease.  Imatinib  is  highly  effective  at  treating  human  Philadelphia 
chromosome-positive  (Ph+)  chronic  myeloid  leukemia  (CML)  in 
chronic  phase  but  not  Ph+  B  cell  acute  lymphoblastic  leukemia 
(B-ALL)  and  CML  blast  crisis.  We  find  that  SRC  kinases  activated  by 
BCR-ABL  remain  fully  active  in  imatinib-treated  mouse  leukemic 
cells,  suggesting  that  imatinib  does  not  inactivate  all  BCR-ABL- 
activated  signaling  pathways.  This  SRC  pathway  is  essential  for 
leukemic  cells  to  survive  imatinib  treatment  and  for  CML  transition 
to  lymphoid  blast  crisis.  Inhibition  of  both  SRC  and  BCR-ABL  kinase 
activities  by  dasatinib  affords  complete  B-ALL  remission.  However, 
curing  B-ALL  and  CML  mice  requires  killing  leukemic  stem  cells 
insensitive  to  both  imatinib  and  dasatinib.  Besides  BCR-ABL  and 
SRC  kinases,  stem  cell  pathways  must  be  targeted  for  curative 
therapy  of  Ph+  leukemia. 

dasatinib  |  imatinib  |  SRC  kinases 

The  human  Philadelphia  chromosome,  Ph,  arises  from  a 
translocation  between  chromosomes  9  and  22  and  results  in 
formation  of  the  chimeric  and  constitutively  activated  BCR- 
ABL  tyrosine  kinase.  Philadelphia  chromosome-positive  (Ph+) 
leukemias  induced  by  the  BCR-ABL  oncogene  include  chronic 
myeloid  leukemia  (CML)  and  B  cell  acute  lymphoblastic  leuke¬ 
mia  (B-ALL).  CML  often  initiates  in  a  chronic  phase  and 
eventually  progresses  to  a  terminal  blastic  phase  in  which  either 
acute  myeloid  or  acute  B-lymphoid  leukemia  develops.  Some 
Ph+  leukemia  patients,  however,  have  B-ALL  as  their  first 
clinical  appearance.  It  is  generally  believed  that  shutting  down 
the  kinase  activity  of  BCR-ABL  will  completely  inhibit  its 
functions,  leading  to  inactivation  of  its  downstream  signaling 
pathways.  Therefore,  current  therapeutic  efforts  have  focused  on 
targeting  BCR-ABL  kinase  activity  by  using  kinase  inhibitors. 

The  BCR-ABL  tyrosine  kinase  inhibitor  imatinib  mesylate 
(also  known  as  Gleevec)  is  the  standard  of  care  for  Ph+ 
leukemia.  Imatinib  induces  a  complete  hematologic  response  in 
chronic-phase  CML  patients  (1).  However,  imatinib  does  not 
completely  eliminate  BCR-ABL-expressing  leukemic  cells  (2,  3), 
and  patients  frequently  present  with  drug  resistance  (4).  Ima¬ 
tinib  prolongs  survival  of  mice  with  BCR-ABL-induced  CML  (5, 
6)  but  does  not  cure  the  disease  (5).  Recently,  three  BCR-ABL 
kinase  inhibitors,  dasatinib  (7),  AP23464  (8),  and  AMN107  (9), 
have  been  shown  to  inhibit  almost  all  imatinib-resistant  BCR- 
ABL  mutants;  the  exception  is  the  T315I  mutant,  which  is 
present  in  15-20%  of  imatinib-resistant  patients.  Dasatinib  also 
is  a  potent  inhibitor  of  SRC  family  kinases,  but  the  role  of  the 
anti-SRC  activity  of  this  compound  in  PIT  leukemia  therapy  has 
not  been  studied  (7).  For  unknown  reasons,  imatinib  is  much  less 
effective  in  treating  CML  blastic-phase  patients  and  patients 
with  Ph+  B-ALL  (10),  which  has  not  been  shown  to  be  related 
to  the  BCR-ABL  kinase  domain  mutations,  the  most  common 
type  of  imatinib  resistance.  Because  imatinib  is  a  strong  inhibitor 
of  BCR-ABL  kinase  activity,  the  inability  of  imatinib  to  cure 


CML  and  B-ALL  in  mice  (5)  suggests  that  inactivation  of 
BCR-ABL  kinase  activity  alone  is  insufficient  to  control  the 
disease. 

We  have  previously  shown  that  the  three  SRC-family  kinases, 
LYN,  HCK,  and  FGR,  are  activated  by  BCR-ABL  in  lymphoid 
leukemic  cells  and  are  required  for  the  development  of  B-ALL 
(5).  Furthermore,  cells  from  patients  resistant  to  imatinib  ex¬ 
pressed  an  activated  form  of  LYN  (11).  We  reasoned  that 
inhibition  of  BCR-ABL  kinase  activity  by  imatinib  might  not 
inactivate  SRC  kinases  activated  by  BCR-ABL  in  lymphoid 
leukemic  cells,  and  this  may  explain  the  relatively  poor  activity 
of  imatinib  against  Ph+  B-ALL  and  lymphoid  blast  crisis.  In  this 
study,  we  provide  evidence  that  imatinib  does  not  inactivate  the 
SRC  signaling  pathway  activated  by  BCR-ABL  and  that  this 
pathway  is  essential  for  the  development  of  Ph+  B-ALL.  We  also 
show  that  other  targets  need  to  be  identified  to  inhibit  imatinib- 
insensitive  leukemic  stem  cells  for  Ph+  B-ALL  and  CML. 

Results 

SRC  Kinases  Remain  Active  After  Imatinib  Inhibition  of  BCR-ABL  Kinase 
Activity.  We  tested  the  hypothesis  that  imatinib  may  not  inacti¬ 
vate  SRC  kinases  activated  by  BCR-ABL  using  a  BCR-ABL- 
expressing  pre-B  cell  line  (ENU)  (5).  The  cells  were  treated  with 
or  without  imatinib.  Compared  with  cells  bearing  the  empty 
vector,  Western  blot  analysis  showed  that  SRC  kinases  were 
activated  in  cells  expressing  one  of  two  forms  of  BCR-ABL 
(P190  and  P210,  which  differ  in  molecular  weight  and  are 
expressed  predominantly  in  Ph+  ALL  and  CML,  respectively), 
and  imatinib  treatment  markedly  inhibited  BCR-ABL  kinase 
activity  but  did  not  result  in  a  decrease  in  SRC  activation  (Fig. 
L4).  These  results  indicate  that,  although  imatinib  was  very 
effective  in  inhibiting  BCR-ABL  phosphorylation,  it  was  unable 
to  affect  BCR-ABL-stimulated  phosphorylation  of  SRC  kinases. 
To  demonstrate  this  finding  further,  we  used  the  P190  or  P210 
form  of  BCR-ABL  to  transform  mouse  bone  marrow  (BM)  cells. 
These  cells  were  then  treated  with  imatinib.  Imatinib  inhibited 
BCR-ABL  phosphorylation,  resulting  in  decreased  phosphory¬ 
lation  of  downstream  signaling  molecule  CrkL,  but  did  not  affect 
BCR-ABL-stimulated  phosphorylation  of  SRC  kinases  (Fig. 
LB).  These  observations  indicate  that,  in  imatinib-treated  BCR- 
ABL-expressing  cells,  SRC  kinases  are  still  active  and  may 
participate  in  cellular  transformation  by  BCR-ABL. 
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Fig.  1.  SRC  kinases  remain  active  after  inhibition  of  BCR-ABL  kinase  activity 
by  imatinib.  ( A )  Activation  of  SRC  kinases  by  BCR-ABL  does  not  require 
BCR-ABL  kinase  activity.  PI 90-  or  P21 0-expressing  ENU  cells  were  cultured  in 
the  presence  or  absence  of  imatinib  for  12  h,  and  ENU  cells  bearing  empty 
vector  were  used  as  controls.  Protein  lysates  were  analyzed  by  Western 
blotting  with  antibodies  against  phosphotyrosine  (p-Tyr),  ABL,  activated  SRC 
kinases  (p-SRC-Tyr-416)  (29),  and  LYN.  (B)  BCR-ABL-transduced  BM  cells  were 
cultured  under  Whitlock-Witte  conditions  for  5  days.  The  cells  were  treated 
with  imatinib  at  the  concentrations  indicated  for  2  days.  Protein  lysates  were 
analyzed  by  Western  blotting  with  the  antibodies  indicated. 


Key  Role  of  SRC  Kinases  in  Malignant  Transformation  of  B-Lymphoid 
Cells.  To  investigate  the  role  of  SRC  kinase  activation  in 
transformation  of  B-lymphoid  cells  and  in  the  survival  and 
proliferation  of  leukemic  cells,  we  showed  that  v-SRC,  an 
active  form  of  SRC  kinase,  directly  transformed  B-lymphoid 
cells  in  vitro  (Fig.  2A),  suggesting  that  activated  SRC  alone  is 
sufficient  to  stimulate  aberrant  proliferation  of  hematopoietic 
precursors.  To  examine  whether  inhibition  of  SRC  kinases 
attenuates  transformation  of  mouse  BM  cells  by  BCR-ABL, 
we  used  a  dual  SRC/BCR-ABL  inhibitor  dasatinib  (Fig.  2 B). 
We  transformed  mouse  BM  cells  with  the  BCR-ABL-T315I 
mutant  that  is  resistant  to  inhibition  of  BCR-ABL  kinase 
activity  by  both  imatinib  (4,  12,  13)  and  dasatinib  (7).  This 
allowed  us  to  dissociate  the  inhibitory  effects  on  the  BCR-ABL 
kinase  vs.  the  effects  on  SRC  kinases.  Dasatinib  reduced 


survival  (Fig.  2C)  and  induced  apoptosis  (data  not  shown)  of 
the  leukemic  cells,  demonstrating  that  BCR-ABL-activated 
SRC  kinases  in  imatinib-treated  cells  play  a  critical  role  in 
BCR-ABL-mediated  transformation  of  B-lymphoid  cells. 

We  further  investigated  the  role  of  SRC  kinase  in  B-ALL 
development  using  a  mouse  model  of  B-ALL  (14).  We  treated 
mice  with  B-ALL  induced  by  BCR-ABL-T315I  with  imatinib 
or  dasatinib.  Imatinib  showed  no  therapeutic  effect,  whereas 
dasatinib  significantly  prolonged  survival  of  the  mice  (P  < 

0.01)  (Fig.  2D).  Dasatinib  inhibited  SRC  kinase  activity  in  vivo 
(Fig.  2 E).  These  results  indicate  that  SRC  kinases  play  a 
critical  role  in  B-ALL  development.  However,  targeting  SRC 
kinases  alone  did  not  cure  the  disease  (Fig.  2D),  which  may  be 
due  to  the  incomplete  inhibition  of  SRC  kinase  activity  in  vivo 
at  the  dose  of  dasatinib  used  (Fig.  2E);  a  higher  dose  of 
dasatinib  may  further  improve  survival  of  the  mice.  To  further 
support  the  role  of  SRC  kinases  in  B-ALL  development,  we 
compared  growth  potential  of  BCR-ABL-transduced  wild- 
type  and  Lyn~/~Hck~/~Fgr~D  BM  cells.  We  monitored  the 
levels  of  pre-B  leukemic  cells  expressing  BCR-ABL  (repre¬ 
sented  by  GFP  expression)  over  a  4-week  time  period  in 
peripheral  blood  of  mice  receiving  BCR-ABL-transduced 
wild-type  or  Lyn~,~Hck~,~Fgr~  ~  BM  cells.  Levels  of 
GFP+B220+  B-lymphoid  leukemic  cells  were  significantly  w 
lower  in  mice  receiving  BCR-ABL-transduced  Lyn_/“iTc/c_/_ 
Fgr~!~  BM  cells  than  in  those  receiving  BCR-ABL-transduced  s 

wild-type  BM  cells  at  all  time  points  measured,  although  there  “> 

was  an  initial  increase  in  leukemic  cells  in  mice  receiving  the  g 
transduced  Lyn~l~Hck~l~Fgr~l~  BM  cells  (Fig.  2 F).  Strikingly,  g 
in  mice  receiving  the  transduced  Lyn~f~ Hck-^ Fgr~f~  BM  s 
cells,  leukemic  cells  almost  disappeared  5  weeks  following 
B-ALL  induction,  whereas  in  the  mice  receiving  the  trans¬ 
duced  wild-type  BM  cells,  =45%  of  leukemic  cells  persisted 
(Fig.  2G). 

Inhibition  Solely  of  BCR-ABL  Kinase  Activity  Without  SRC  Kinase 
Inhibition  Is  Insufficient  for  B-ALL  Treatment.  Because  SRC  kinases 
are  still  active  when  BCR-ABL  phosphorylation  is  inhibited  by 
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Fig.  2.  SRC  kinases  play  a  critical  role  in  maintaining  survival  and  promoting  proliferation  of  pre-B  leukemic  cells.  (A)  BM  cells  from  B6  mice  were  transduced 
with  the  empty  vector  or  v-SRC  retrovirus  and  cultured  under  Whitlock-Witte  conditions  for  14  days,  (fi)  Dasatinib  inhibits  activity  of  both  BCR-ABL  and  SRC 
kinases.  BCR-ABL-transduced  BM  cells  were  cultured  under  Whitlock-Witte  conditions  for  5  days.  Different  concentrations  of  dasatinib  were  added  to  the  culture 
for  48  h,  and  protein  lysates  were  analyzed  by  Western  blotting.  (C)  Inhibition  of  SRC  kinases  reduces  survival  of  BCR-ABL-T31 51-expressing  B-lymphoid  cells. 
BCR-ABL-T31 51-transduced  BM  cells  were  cultured  at  1  x  105  cells  per  well  in  24-well  plates,  and  different  concentrations  of  dasatinib  were  added  to  the  culture 
for  5  or  7  days.  Viable  cells  were  counted.  (D)  Therapeutic  effect  of  imatinib  and  dasatinib  on  BCR-ABL-T315l-induced  B-ALL.  BMT,  BM  transplantation.  (£)  In  vivo 
inhibition  of  SRC  kinase  activity  with  dasatinib.  Mice  with  BCR-ABL-T315l-induced  B-ALL  were  treated  with  a  placebo  or  dasatinib  for  3  days.  After  the  last  dose, 
leukemic  cells  from  peripheral  blood  of  the  mice  were  analyzed  by  Western  blotting.  Each  lane  represents  a  mouse  from  the  indicated  treatment  group,  (f) 
BCR-ABL-transduced  wild-type  or  Lyn/Hck/Fgr  triple  knockout  BM  cells  were  transplanted  into  wild-type  recipient  mice  to  induce  B-ALL.  GFP+  cell  counts 
(percentage  of  GFP+  cells  x  white  blood  cell  count)  were  measured  at  different  time  points  after  the  induction  of  leukemia.  (G)  Percentages  of  GFP+  B-leukemic 
cells  in  peripheral  blood  were  determined  by  FACS  analysis  as  described  in  F. 
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Fig.  3.  Simultaneous  targeting  of  kinase  activity  of  both  BCR-ABL  and  SRC  kinases  results  in  long-term  survival  of  mice  with  B-ALL.  (A)  Mice  with 
BCR-ABL-induced  B-ALL  were  treated  with  a  placebo,  imatinib,  or  dasatinib.  BMT,  BM  transplantation.  ( B )  Reduction  of  GFP+  leukemic  cells  in  peripheral  blood 
of  the  treated  B-ALL  mice.  (C)  In  vivo  inhibition  of  BCR-ABL  autophosphorylation  by  imatinib  and  dasatinib.  B-ALL  mice  were  treated  with  placebo,  imatinib, 
or  dasatinib  for  3  days.  After  the  last  dose,  leukemic  cells  from  the  pleural  effusion  were  analyzed  by  Western  blotting.  Each  lane  represents  a  mouse  from  the 
indicated  treatment  group.  (D)  The  SRC-selective  kinase  inhibitor  PP2  alone  or  with  imatinib  has  an  inhibitory  effect  on  proliferation  of  BCR-ABL-transduced  BM 
cells  in  Whitlock-Witte  culture.  The  transduced  cells  were  cultured  at  1  x  105  per  well  in  24-well  plates  for  5  days,  and  the  two  drugs  were  added  to  the  culture 
for  the  last  2  days.  Viable  cells  were  counted.  ( E )  Lack  of  LYN,  HCK,  and  FGR  prevents  CML  transition  to  lymphoid  blast  crisis.  Wild-type  and  Lyn/Hck/Fgr  triple 
knockout  BM  cells  from  CML  mice  were  transferred  into  wild-type  recipient  mice  to  assay  CML  transition  to  B-ALL  by  FACS  analysis  of  GFP+  B-leukemic  cells  in 
peripheral  blood.  ( F)  Dasatinib,  but  not  imatinib,  is  effective  at  suppressing  p53-deficient  leukemic  cells  in  B-ALL  mice. 


imatinib  (Fig.  1),  we  examined  whether  inhibition  of  BCR-ABL 
kinase  activity  alone,  with  SRC  kinase  still  active,  is  sufficient  to 
control  B-ALL.  We  treated  mice  with  BCR-ABL-induced  B- 
ALL  with  imatinib  (which  inhibits  only  BCR-ABL  kinase  ac¬ 
tivity)  or  with  dasatinib  (which  inhibits  both  BCR-ABL  and  SRC 
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kinase  activity).  Imatinib  had  a  weak  therapeutic  effect  on 
B-ALL  (Fig.  3 A),  suggesting  that  inhibition  solely  of  BCR-ABL 
kinase  activity  is  insufficient  to  control  the  disease.  By  contrast, 
dasatinib  maintained  long-term  survival  of  the  mice  with  B-ALL 
induced  by  P190  or  P210  BCR-ABL  (Fig.  3 A),  indicating  that 
both  BCR-ABL  kinase  activity  and  SRC  pathway  must  be 
targeted  for  treating  this  disease.  The  therapeutic  effects  of  these 
two  drugs  on  B-ALL  correlated  with  reduced  levels  of  GFP+ 
leukemic  cells  in  peripheral  blood  of  the  treated  B-ALL  mice 
(Fig.  3 B).  The  weak  therapeutic  effect  of  imatinib  (Fig.  3 A) 
cannot  be  attributed  to  an  inability  to  inhibit  BCR-ABL  kinase 
activity  in  vivo,  because  imatinib  significantly  inhibited  BCR- 
ABL  phosphorylation  to  a  similar  extent  compared  with  dasat¬ 
inib  in  leukemic  cells  from  pleural  effusion  of  the  treated  B-ALL 
mice  (Fig.  3C).  To  exclude  the  possibility  that  the  better  ther¬ 
apeutic  effect  of  dasatinib  over  imatinib  (Fig.  3/1)  could  be 
attributed  to  the  potency  difference  of  these  drugs  on  BCR-ABL 
kinase  activity  (7)  but  not  to  the  additional  anti-SRC  effect  of 
dasatinib  (Fig.  2 B),  we  treated  BCR-ABL-transformed  BM  cells 
under  Whitlock-Witte  conditions  with  a  SRC  kinase  inhibitor 
PP2  alone  (15)  (which  did  not  inhibit  BCR-ABL  kinase  activity 
at  the  concentrations  used  in  this  study),  with  imatinib  alone,  and 
with  both  PP2  and  imatinib.  Either  drug  alone  inhibited  prolif¬ 
eration  of  the  cells,  but  both  drugs  together  had  a  much  stronger 
inhibitory  effect  (Fig.  3D).  These  results  support  the  critical  role 
of  SRC  kinases  in  B-ALL  development. 
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Fig.  4.  Dasatinib  efficiently  kills  highly  proliferating  B-leukemic  cells,  but  not 
stem  cells,  in  B-ALL  mice.  (A)  B-ALL  reappeared  in  most  of  the  mice  after 
dasatinib  treatment  stopped  (-);  the  relapsed  mice  remained  sensitive  to 
dasatinib  therapy  (+).  (B)  A  low  level  of  GFP+  pro-  or  pre-B  cells  (<1%) 
persisted  in  dasatinib-treated  mice.  (O  B220+/CD43+  pro-B  leukemic  cells 
function  as  leukemic  stem  cells  in  B-ALL.  The  sorted  GFP+/B220+/CD19+  cells 
from  BM  of  B-ALL  mice  transfer  B-ALL  to  secondary  recipients  after  2  months, 
and  leukemic  cells  in  peripheral  blood  are  B220+/CD43+  pro-B  cells. 


Progression  to  Lymphoid  Blast  Crisis  CML  Requires  Activation  of  SRC 
Kinases.  Chronic-phase  CML  advances  to  blastic  phase.  We 
genetically  tested  whether  SRC  kinases  play  a  role  in  CML 
transition  to  lymphoid  blast  crisis  using  a  serial  transplantation 
assay  (16).  Mice  were  transplanted  with  BCR-ABL-transduced 
BM  cells  from  either  wild-type  or  Lyn~,^Hck~,~Fgr~/~  mice  to 
induce  CML,  and  BM  cells  from  the  CML  mice  were  subse¬ 
quently  transferred  into  recipient  mice.  Mice  receiving  wild-type 
CML  BM  cells  developed  B-ALL,  shown  by  GFP+/B220+ 
leukemic  cells  in  peripheral  blood,  whereas  none  of  the  mice 
receiving  Lyn_/“iLc/c_/_f7gr_/_  CML  BM  cells  developed  this 
disease  (Fig.  3 E).  These  results  indicate  that  CML  transition  to 
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Fig.  5.  imatinib  and  dasatinib  fail  to  eradicate  BCR-ABL-expressing  HSCs 
completely.  (A)  CML  mice  treated  with  imatinib  and  dasatinib.  BMT,  BM 
transplantation.  (B)  GFP+  leukemic  cell  counts  in  peripheral  blood  (PB)  of  CML 
mice  treated  with  imatinib  and  dasatinib.  (0  Comparison  of  the  percentages 
of  BCR-ABL-expressing  HSCs  (GFP+CD34~c-fc7f+Hoe~)  in  side  populations  (SP) 
of  BM  cells  from  placebo-,  imatinib-,  and  dasatinib-treated  CML  mice.  (D) 
Dasatinib  inhibits  BCR-ABL  kinase  activity  in  CML  stem  cells.  BM  cel  Is  from  CML 
mice  were  treated  with  a  placebo  or  dasatinib  (100  nM)  in  culture  for  24  h,  and 
BCR-ABL-expressing  HSCs  (GFP+CD34~c-k/f+Hoe~)  were  identified  by  FACS. 
Intracellular  levels  of  BCR-ABL  phosphorylation  were  determined  by  FACS 
with  anti-Abl-Y412  antibody,  which  detects  the  active  form  of  BCR-ABL.  (£)  A 
representative  CML  mouse  treated  with  dasatinib  for  16  weeks  still  contains 
large  numbers  of  BCR-ABL-expressing  HSCs. 


lymphoid  blast  crisis  requires  SRC  kinases.  CML  progression  is 
associated  with  additional  genetic  changes,  including  mutations 
in  the  tumor  suppressor  genes  INK4a,  pRB,  and  p53  (17-19).  A 
recent  study  showed  that  Art  gene  loss  enhances  the  oncoge¬ 
nicity  of  imatinib  and  limits  imatinib  response  to  BCR-ABL- 
induced  B-ALL  in  mice  (20).  To  test  whether  SRC  kinases  are 
effective  targets  for  B-ALL  when  tumor  suppressor  gene  func¬ 
tion  is  defective,  BCR-ABL-transduced  BM  cells  from  p53- 
deficient  mice  were  transplanted  into  lethally  irradiated  wild- 
type  recipient  mice  followed  by  treatment  with  imatinib  or 
dasatinib.  Dasatinib  was  more  effective  than  imatinib  in  sup¬ 
pressing  p53-deficient  pre-B  leukemic  cells,  but  these  mice 
eventually  died  (Fig.  3 F).  These  results  suggest  that  loss  of  p53 
function  causes  reduction  of  dasatinib  response  to  BCR-ABL- 
induced  B-ALL,  although  a  significant  degree  of  response 
remained. 

Pro-B  Leukemic  Cells  Are  Identified  as  B-ALL  Stem  Cells,  and  Contin¬ 
uous  Treatment  with  Dasatinib  May  Prevent  Them  from  Developing 
into  B-ALL.  We  tested  whether  dasatinib  could  completely 
eradicate  leukemic  cells  in  B-ALL  mice,  leading  to  cures. 
Although  dasatinib  remarkably  prolonged  survival  of  B-ALL 
mice  (Fig.  3 A),  a  small  percentage  of  GFP+  cells  (<1%) 
remained  in  the  peripheral  blood  of  these  mice  even  after  3 
months  of  treatment  (Fig.  44).  After  treatment  was  stopped, 
B-ALL  reappeared  in  most  mice  (Fig.  44)  within  1  month  for 
P190BCR-ABL-induced  and  within  2  months  for  P210BCR- 
ABL-induced  B-ALL.  The  relapsed  B-ALL  mice  were  treated 
again  with  dasatinib,  and  the  percentage  of  GFP+  cells 
dropped  again  to  <1%  (Fig.  44)  and  remained  at  this  level 
during  continuous  drug  treatment  for  2  months  (data  not 
shown).  After  two  rounds  of  treatment  discontinuations,  re¬ 
lapses,  and  retreatment,  the  mice  remained  sensitive  to  the 


next  round  of  dasatinib  therapy  (data  not  shown).  Still,  a  low 
level  (<1%)  of  GFP+  cells  persisted  in  the  BM  of  the  treated 
B-ALL  mice,  and  these  cells  were  capable  of  transferring  the 
same  disease  to  secondary  recipient  mice  (data  not  shown). 

These  results  indicate  that  continuous  administration  of  da¬ 
satinib  could  prevent  these  residual  cells  from  developing  into 
fatal  B-ALL,  although  this  compound  did  not  completely  kill 
the  residual  leukemic  cells  (Fig.  4 A). 

We  identified  the  cell  types  of  these  residual  GFP+  cells  as 
B220+/CD43+  and  B220+/CD43“  pro-/pre-B  cells  (Fig.  4 B), 
and  these  progenitor  leukemic  cells  may  have  acquired  self¬ 
renewal  capacity  and  function  as  B-ALL  stem  cells.  To  test  this 
hypothesis,  we  sorted  by  FACS  the  B220+/CD19+/GFP+  cells 
from  the  BM  of  B-ALL  mice,  followed  by  transplantation  of  the 
cells  into  recipient  mice.  These  mice  developed  B-ALL  after  2 
months,  and  leukemic  cells  in  peripheral  blood  were  CD19+/ 
CD43+  pro-B  cells  (Fig.  4C).  We  conclude  that  CD19+/B220+/ 
CD43+  pro-B  cells  expressing  BCR-ABL  can  function  as  B-ALL 
stem  cells.  To  support  this  conclusion,  we  transferred  purified 
BCR-ABL-expressing  CD19+/B220+/CD43+  pro-B  cells  into 
recipient  mice;  these  cells  induced  leukemia  and  had  potential  to 
differentiate  (data  not  shown). 

Dasatinib  Significantly  Prolongs  Survival  of  CML  Mice  but  Does  Not  u 
Eradicate  CML  Stem  Cells.  Dasatinib  is  very  effective  in  control- 
ling  B-ALL  (Fig.  3^4).  We  tested  whether  dasatinib  also  is 
effective  at  treating  CML  in  mice.  CML  mice  treated  with  3 

dasatinib  lived  significantly  longer  than  those  treated  with  “ 

imatinib  (Fig.  5A),  which  correlated  with  significantly  lower 
numbers  of  BCR-ABL-expressing  leukemic  cells  in  peripheral 
blood  (Fig.  5 B)  compared  with  placebo-  or  imatinib-treated 
mice.  Flowever,  all  dasatinib-treated  CML  mice  eventually 
died  of  this  disease  (Fig.  5 A),  indicating  that,  like  imatinib  (21), 
this  drug  may  not  eradicate  leukemic  stem  cells  in  CML  mice. 
Because  CML  in  mice  originates  from  multilineage  repopu¬ 
lating  cells  (14),  we  tested  whether  dasatinib  kills  BCR-ABL- 
expressing  hematopoietic  stem  cells  (HSCs)  in  vivo.  We  used 
BALB/c  mice  to  induce  CML  because  we  used  this  strain  in 
our  therapeutic  experiments  in  this  study  (Figs.  3 A  and  5 A). 

We  treated  CML  mice  with  a  placebo,  imatinib,  or  dasatinib 
for  14  days,  starting  from  day  8  after  CML  induction  by 
BCR-ABL,  and  found  that  BCR-ABL-expressing  HSCs 
(GFP+CD34_c-iCt+Hoe_)  existed  in  the  side  population  (22) 
of  BM  cells  from  the  imatinib-  or  dasatinib-treated  CML  mice 
(Fig.  5C).  This  observation  indicates  that  neither  imatinib  nor 
dasatinib  completely  eradicates  BCR-ABL-expressing  HSCs, 
suggesting  that  neither  drug  will  cure  CML  and  that  targeting 
at  least  one  additional  component  of  BCR-ABL-expressing 
HSCs  is  required  for  curing  the  disease.  Because  analysis  of 
HSCs  in  side  populations  for  the  existence  of  the  stem  cells  is 
not  quantitative,  we  further  analyzed  BCR-ABL-expressing 
HSCs  in  dasatinib-treated  CML  mice  (in  B6  background)  by 
identifying  the  GFP+Lin_c-fafl'Sca-l+  population.  Compared 
with  placebo-treated  mice,  dasatinib  reduced  the  numbers  of 
BCR-ABL-expressing  HSCs  but  failed  to  eradicate  these  cells 
completely  in  CML  mice  (data  not  shown),  consistent  with  the 
finding  using  BALB/c  mice  (Fig.  5C).  This  biological  effect  on 
BCR-ABL-expressing  HSCs  does  not  support  the  possibility 
that  inability  of  dasatinib  to  completely  eradicate  BCR-ABL- 
expressing  HSCs  may  be  attributed  to  the  failure  of  dasatinib 
to  access  the  stem  cells,  because  we  detected  inhibition  of 
intracellular  BCR-ABL  phosphorylation  by  dasatinib  in  the 
stem  cells  (Fig.  5 D).  The  inability  of  dasatinib  to  cure  CML 
mice  is  not  attributed  to  the  appearance  of  BCR-ABL-T315I 
clone  in  the  mice,  because  CML  mice  treated  with  dasatinib  for 
®=3  months  contained  >40%  of  GFP+Gr-1+  cells,  among 
which  there  were  large  numbers  of  stem  cells  (Fig.  5 E),  and 
sequencing  analysis  of  isolated  genomic  DNA  from  BM  cells 
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Fig.  6.  Identification  of  BM  cell  populations  that  function  as  CML  stem  cells. 
(A)  BCR-ABL-transduced  BM  cells  from  B6  mice  were  sorted  by  Sca-1  MACS 
columns  (Miltenyi  Biotec,  Gladbach,  Germany),  followed  by  transferring  a 
Sca-1~  or  Sca-1+  population  into  B6  mice  (1  X  105  cells  per  mouse;  four  mice 
per  cell  population  group)  to  induce  CML.  GFP+  myeloid  cells  (Gr-1+)  in 
peripheral  blood  (PB)  of  the  mice  were  examined  at  days  9  and  19  after  the 
induction  of  leukemia.  All  mice  receiving  the  Sca-1+  population  died  of  CML 
by  day  42.  (B)  BCR-ABL-expressing  HSCs  function  as  CML  stem  cells.  BM  cells 
from  CML  mice  in  B6  background  were  sorted  by  FACS  for  BCR-ABL-expressing 
HSCs  (GFP+Lin~c-fc/t+Sca-1 +),  followed  by  transfer  into  lethally  irradiated  B6 
mice  (2  X  104  cells  per  mouse).  GFP+  myeloid  cells  (Gr-1+)  were  detected  in 
peripheral  blood.  In  contrast  to  the  normal  control  mice,  CML  mice  showed 
complete  infiltration  of  the  lungs  with  myeloid  leukemic  cells  and  complete 
disruption  of  follicular  architecture  of  the  spleen  by  infiltrating  leukemic  cells. 


of  these  mice  did  not  show  T315I  mutation  in  the  BCR-ABL 
kinase  domain  (data  not  shown).  The  failure  of  imatinib  to 
eradicate  BCR-ABL-expressing  HSCs  is  not  related  to  c -kit 
function,  because  both  imatinib  and  dasatinib  inhibit  c-kit  (23). 
These  results  suggest  that  inhibition  of  BCR-ABL  kinase 
activity  alone  is  insufficient  to  eradicate  CML  stem  cells. 

To  identify  CML  stem  cells,  we  tested  whether  BCR-ABL- 
expressing  HSCs  function  as  the  stem  cells.  We  first  sorted 
C57BL/ 6  (B6)  BM  cells  transduced  with  BCR-ABL  retrovirus 
into  two  separate  populations:  Sca-1-  and  Sca-1  +  .  These  two 
populations  of  cells  were  transferred,  respectively,  into  B6 
mice.  Only  the  mice  receiving  BCR-ABL-transduced  Sca-1  + 
cells  developed  and  died  of  CML,  diagnosed  by  detecting 
GFP+  myeloid  cells  (Gr-1+)  in  the  peripheral  blood  of  the 
mice  (Fig.  6 A).  This  result  suggests  that  early  BM  progenitors 
contain  CML  stem  cells.  To  narrow  down  the  specific  cell 
lineages  that  function  as  CML  stem  cells,  HSCs  (Lin“c- 
fa'f+Sca-l+)  were  sorted  out  from  BM  cells  transduced  with 
BCR-ABL  retrovirus,  followed  by  transfer  into  recipient  mice. 
The  mice  developed  and  died  of  CML  (data  not  shown).  To 
confirm  definitively  that  BCR-ABL-expressing  HSCs  are 
CML  stem  cells,  we  isolated  BM  cells  from  primary  CML  mice 
and  sorted  out  the  BCR-ABL-expressing  HSCs  (GFP+Lin-c- 
fif+Sca-l+)  by  FACS.  The  sorted  cells  were  transferred  into 
recipient  mice,  and  the  mice  developed  and  died  of  CML  (Fig. 
6 B),  indicating  that  BCR-ABL  expressing  HSCs  function  as 
CML  stem  cells. 

Discussion 

Our  findings  provide  evidence  that  inhibition  solely  of  BCR- 
ABL  kinase  activity  is  effective  at  treating  Ph+  B-ALL  and  CML 


in  mice  but  is  not  sufficient  to  achieve  complete  control  of  these 
two  types  of  leukemia.  This  failure  is  partially  caused  by  BCR- 
ABL  activation  of  signaling  pathways,  such  as  SRC  kinases,  that 
are  not  inhibited  by  imatinib  and  essential  to  leukemia  devel¬ 
opment.  Sustained  activation  of  these  pathways  would  allow 
leukemic  cells  to  survive  treatment  with  compounds  that  inhibit 
only  BCR-ABL  kinase  activity  until  the  emergence  of  drug 
resistance.  Simultaneous  targeting  of  these  pathways  and  BCR- 
ABL  kinase  activity  would  provide  a  vastly  improved  therapeutic 
approach  to  chemotherapy  of  Ph+  leukemias.  This  strategy  is  in 
contrast  to  a  general  idea  that  complete  and  sole  inhibition  of 
BCR-ABL  kinase  activity  would  completely  inhibit  BCR-ABL 
functions. 

SRC  kinases  play  a  critical  role  in  the  development  of 
BCR-ABL-induced  B-ALL  (5).  Sole  inhibition  of  BCR-ABL 
kinase  activity  with  kinase  inhibitors  will  not  shut  down  the 
SRC  pathway,  suggesting  the  existence  of  a  BCR-ABL  kinase 
activity-independent  pathway.  This  pathway  would  help  leu¬ 
kemic  cells  survive  treatment  and  eventually  allow  resistant 
BCR-ABL-T315I  clones  to  grow  out.  BCR-ABL-activated 
SRC  kinases  alone  may  not  transform  B-lymphoid  cells  effi¬ 
ciently,  but  they  are  sufficient  to  maintain  survival  and  stim¬ 
ulate  proliferation  of  the  leukemic  cells.  The  next  generation 
of  BCR-ABL  kinase  inhibitors  aims  at  increasing  drug  potency 
or  overriding  imatinib  resistance  caused  by  kinase  domain 
point  mutations,  including  BCR-ABL-T315I.  However,  to 
achieve  a  durable  therapeutic  effect  in  patients  with  Ph+ 
B-ALL  and  lymphoid  blast  crisis,  SRC  kinases  must  be  tar¬ 
geted.  Our  study  suggests  that  targeting  SRC  kinases  with 
dasatinib  may  delay  transition  of  CML  chronic  phase  to  blast 
crisis  and  may  be  effective  in  treating  acute  lymphoid  leukemia 
with  compromised  tumor  suppressor  function,  providing  a 
rationale  for  the  early  and  continuous  use  of  dasatinib  in 
chronic-phase  CML  patients.  The  parallel  results  attained  with 
the  triple  SRC  kinase  knockout  cells  and  dasatinib  demon¬ 
strate  the  role  of  certain  pathways  involving  SRC  kinases  in  the 
more  advanced  phases  of  CML  and  suggest  that  targeting  SRC 
kinases  and  BCR-ABL  with  dasatinib  may  be  an  effective 
therapy  for  preventing  transition  of  patients  with  chronic- 
phase  CML  to  lymphoid  blast  crisis  and  for  management  of 
patients  with  advanced  lymphoid  leukemia.  In  fact,  dasatinib 
is  effective  in  treating  Ph+  B-ALL  patients  (24).  If  the 
BCR-ABL-T315I  mutation  is  present  in  leukemic  cells,  this 
BCR-ABL-driven  disease  cannot  be  averted  by  dasatinib. 
However,  dasatinib  treatment  may  lead  to  long-term  remission 
of  B-ALL  if  the  T315I  mutation  is  absent  from  the  leukemic 
cell  population.  The  weak  therapeutic  effect  of  imatinib  is 
unlikely  to  be  attributed  to  an  insufficient  dose  of  imatinib, 
because  the  100  mg/kg  dose  of  imatinib  administered  in  the 
mice  inhibited  BCR-ABL  kinase  activity  in  vivo  significantly 
and  to  a  similar  degree  compared  with  dasatinib. 

Although  dasatinib  does  not  kill  leukemic  stem  cells  com¬ 
pletely  in  B-ALL  mice,  targeting  SRC  kinases  and  perhaps 
other  as-yet-unidentified  signaling  molecules  could  help 
achieve  long-term  control  of  the  disease.  Curative  drug  ther¬ 
apy  of  B-ALL  would  require  targeting  not  only  BCR-ABL 
kinase  activity  and  SRC-dependent  pathways,  but  also  quies¬ 
cent  primitive  leukemic  cells  (25).  We  identified  pro-B  leuke¬ 
mic  cells  as  stem  cells  for  B-ALL  in  mice.  The  rapid  and 
striking  hematologic  response  of  B-ALL  mice  to  dasatinib 
suggests  that  these  pro-B  progenitors  with  acquired  self¬ 
renewal  capacity  are  the  major  source  of  highly  proliferating 
B-lymphoid  leukemic  cells  in  B-ALL  mice  and  that  complete 
inhibition  of  growth  of  this  leukemic  population  could  achieve 
long-term  survival  of  B-ALL  mice.  Moreover,  inhibiting  the 
expansion  of  this  population  would  reduce  the  frequency  of  the 
appearance  of  resistance  mutations.  It  will  be  critical  to  assess 
whether  BCR-ABL-expressing  pro-B  cells  serve  as  stem  cells 
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in  patients  with  Ph+  B-ALL  or  lymphoid  blast  crisis  CML, 
because  BCR-ABL  can  convert  progenitors  to  leukemic  stem 
cells  (26).  We  also  identified  CML  stem  cells  in  mice  as 
Lin_Sca-l+c-K7f+  cells,  and  these  cells  are  insensitive  to 
inhibition  by  imatinib  and  dasatinib.  Thus,  identification  of 
unknown  pathways  in  CML  stem  cells  will  be  critical  for 
developing  curative  therapies  for  the  disease. 

Methods 

Cell  Lines.  The  BaF/3  pre-B  and  ENU  cell  lines  were  grown  in 
RPM1  medium  1640  containing  10%  FCS,  10%  WEHI  medium, 
and  50  jaM  2-mercaptoethanol. 

Whitlock-Witte  Culture.  BM  cells  were  transduced  with  the  BCR- 
ABL  retrovirus  and  cultured  as  described  previously  (5). 

Antibodies  and  Western  Blot  Analysis.  Antibodies  against  phospho- 
tyrosine,  c-ABL,  CrkL,  j8-actin,  and  the  SRC  kinases  were 
purchased  from  Santa  Cruz  Biotechnology  (Santa  Cruz,  CA); 
antibodies  against  c-Abl-Y412,  phospho-CrkL,  and  SRC-Y416 
were  purchased  from  Cell  Signaling  Technology  (Danvers,  MA). 
Protein  lysates  were  prepared  by  lysing  cells  in  R1PA  buffer,  and 
immunoprecipitation  and  Western  blotting  were  carried  out  as 
described  previously  (27). 

BM  Transduction/Transplantation.  The  retroviral  vector  MSCV- 
IRES-eGFP  carrying  the  BCR-ABL  cDNA  was  used  to  make 
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virus  stock  as  described  previously  (14).  Four-  to  10-week-old 
wild-type  BABL/c  or  C57BL/6  (The  Jackson  Laboratory)  and 
homozygous  SRC  triple  gene  knockout  (Lyn-^Hck-^Fgr-1-) 
mice  (5)  were  used  for  leukemogenesis  experiments  (14,  28). 

Flow  Cytometry.  Hematopoietic  cells  were  collected  from  the 
diseased  mice  and  analyzed  by  FACS  analysis  as  described 
previously  (5). 

Drug  Treatment.  Dasatinib  was  dissolved  in  80  mM  citric  acid 
(pH  2.1)  to  make  10  mg/ml  stock  solution  and  then  diluted  to  1 
mg/ml  with  80  mM  citric  acid  (pH  3.1)  for  use.  Imatinib  was 
dissolved  in  water  directly  at  a  concentration  of  10  mg/ml.  The 
drugs  were  given  orally  in  a  volume  of  <0.5  ml  by  gavage  twice 
a  day,  at  10  mg  per  kilogram  of  body  weight  per  dose  for 
dasatinib  and  100  mg  per  kilogram  of  body  weight  for  imatinib, 
beginning  at  8  days  after  BM  transplantation  and  continuing 
until  the  morbidity  or  death  of  the  leukemic  mice. 
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Inhibition  of  heat  shock  protein  90  prolongs  survival  of  mice  with 
BCR-ABL-T315I-induced  leukemia  and  suppresses  leukemic  stem  cells 
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Development  of  kinase  domain  mutations 
is  a  major  drug-resistance  mechanism  for 
tyrosine  kinase  inhibitors  (TKIs)  in  cancer 
therapy.  A  particularly  challenging  ex¬ 
ample  is  found  in  Philadelphia  chromo¬ 
some-positive  chronic  myelogenous  leu¬ 
kemia  (CML)  where  all  available  kinase 
inhibitors  in  clinic  are  ineffective  against 
the  BCR-ABL  mutant,  T31 51.  As  an  alterna¬ 
tive  approach  to  kinase  inhibition,  an 
orally  administered  heat  shock  protein  90 
(Hsp90)  inhibitor,  IPI-504,  was  evaluated 
in  a  murine  model  of  CML.  Treatment  with 

Introduction  _ 


IPI-504  resulted  in  BCR-ABL  protein  deg¬ 
radation,  decreased  numbers  of  leukemia 
stem  cells,  and  prolonged  survival  of 
leukemic  mice  bearing  the  T315I  muta¬ 
tion.  Hsp90  inhibition  more  potently  sup¬ 
pressed  T315l-expressing  leukemia 
clones  relative  to  the  wild-type  (WT) 
clones  in  mice.  Combination  treatment 
with  IPI-504  and  imatinib  was  more  effec¬ 
tive  than  either  treatment  alone  in  prolong¬ 
ing  survival  of  mice  simultaneously  bear¬ 
ing  both  WT  and  T315I  leukemic  cells. 
These  results  provide  a  rationale  for  use 


of  an  Hsp90  inhibitor  as  a  first-line  treat¬ 
ment  in  CML  by  inhibiting  leukemia  stem 
cells  and  preventing  the  emergence  of 
imatinib-resistant  clones  in  patients. 
Rather  than  inhibiting  kinase  activity, 
elimination  of  mutant  kinases  provides  a 
new  therapeutic  strategy  for  treating  BCR- 
ABL-induced  leukemia  as  well  as  other 
cancers  resistant  to  treatment  with  ty¬ 
rosine  kinase  inhibitors.  (Blood.  2007; 
110:678-685) 
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The  human  Philadelphia  chromosome  (Ph)  arises  from  a  transloca¬ 
tion  between  chromosomes  9  and  22  [t(9;22)(q34;qll)].1  The 
resulting  chimeric  BCR-ABL  oncogene  encodes  a  constitutively 
activated,  oncogenic  tyrosine  kinase  that  induces  chronic  myeloid 
leukemia  (CML)  and  B-cell  acute  lymphoblastic  leukemia  (B-ALL). 
The  BCR-ABL  TKI,  imatinib  mesylate,  induces  a  complete 
hematologic  and  cytogenetic  response  in  the  majority  of  chronic- 
phase  CML  patients,2  but  is  unable  to  completely  eradicate 
BCR-ABL-expressing  leukemic  cells,3’4  suggesting  that  leukemia 
stem  cells  are  not  eliminated.  Over  time,  patients  frequently 
become  drug  resistant  and  develop  progressive  disease  despite 
continued  treatment.5'11  Resistance  is  predominantly  due  to  emer¬ 
gence  of  kinase  domain  mutations.  Three  newly  developed  BCR- 
ABL  kinase  inhibitors — dasatinib,12  AP23464,13  and  AMN10714 — 
inhibit  most  of  imatinib-resistant  BCR-ABL  mutants  at  biochemical 
and  cellular  levels,  but  are  ineffective  against  the  BCR-ABL-T315I 
mutant.15,16  New  approaches  are  needed  to  treat  drug-resistant 
forms  of  CML  as  well  as  BCR-ABL-induced  B-ALL,  a  leukemia 
that  does  not  respond  well  to  available  TKIs.15’16 

Heat  shock  protein  90  (Hsp90)  is  a  highly  conserved, 
constitutively  expressed  molecular  chaperone  that  facilitates 
folding  of  client  proteins  such  as  BCR-ABL,  and  affects  the 
stability  of  these  proteins.17"21  When  BCR-ABL  contains  resis¬ 
tance-conferring  mutations,  it  becomes  even  more  dependent  on 
Hsp90  in  vitro.20  We  therefore  evaluated  the  therapeutic  effect 
of  Hsp90  inhibition  by  using  a  novel  water-soluble  inhibitor, 
IPI-504,22  in  drug-resistant  animal  models  of  leukemia  induced 
by  BCR-ABL-WT  and  T315I. 


Materials  and  methods 

Cell  lines 

The  32D  myeloid  cell  line  was  grown  in  RPMI  1640  medium  containing 
10%  FCS  and  10%  WEHI  medium.  The  BaF/3  pre-B-cell  line  was  grown  in 
RPMI  1640  medium  containing  10%  FCS,  10%  WEHI  medium,  and  50  fxM 
2-mercaptoethanol.  To  generate  the  BCR-ABL-expressing  32D  or  BaF/3 
line,  the  cells  were  transduced  with  the  BCR-ABL-WT-  or  BCR-ABL-T3 151- 
IRES-GFP-MSCV  retrovirus,  and  the  BCR-ABL-expressing  cells  were 
selected  by  GFP  sorting  by  fluorescence-activated  cell  sorter  (FACS). 

Histology 

The  lungs  from  the  placebo-  or  drug-treated  mice  were  fixed  in  Bouin 
fixative  (Fisher  Scientific,  Pittsburgh,  PA)  for  24  hours  at  room  temperature, 
followed  by  an  overnight  rinse  in  water.  Ten-p,m  sections  were  stained  with 
hematoxylin  and  eosin  (H&E)  and  observed  by  a  model  DMRE  compound 
microscope  (Leica,  Heidelberg,  Germany).  All  sections  were  imaged  with  a 
2.5  X  PHI  objective  (NPLan,  NA  0.25)  and  10  X  PHI  objective  (NPLan, 
NA  0.40).  All  images  were  imported  into  MetaMorph  software  (Molecular 
Devices,  Downingtown,  PA)  as  a  series  of  tagged  image  files.  All  images 
were  then  constructed  in  Adobe  Photoshop  6.0  (Adobe,  San  Jose,  CA). 

Antibodies  and  Western  blot  analysis 

Antibodies  against  c-ABL,  Hsp90,  Hsp70,  and  actin  were  purchased 
from  Santa  Cruz  Biotechnology  (Santa  Cruz,  CA).  Protein  lysates  were 
prepared  by  lysing  cells  in  radioimmunoprecipitation  (RIPA)  buffer, 
and  immunoprecipitation  and  Western  blotting  were  carried  out  as 
described  previously.23 
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Hsp90  INHIBITION  ATTENUATES  PH+  LEUKEMIA  679 


Bone  marrow  transduction/transplantation 

The  retroviral  vector  MSCV-IRES-eGFP24  carrying  the  p210  BCR-ABL 
cDNA  was  used  to  make  high-titer,  helper-free,  replication-defective 
ecotropic  virus  stock  by  transient  transfection  of  293T  cells  using  the  kat 
system,25  as  previously  described.26  Six-  to  10-week-old  wild-type  BABL/c 
or  C57BL/6  mice  (The  Jackson  Laboratory)  were  used  for  leukemogenesis 
experiments.  Induction  of  CML26  and  B-ALL26,27  was  as  described 
previously.  Briefly,  to  model  CML,  bone  marrow  from  5-FU-treated 
(200  mg/kg)  donor  mice  was  transduced  twice  with  BCR-ABL  retrovirus  by 
cosedentation  in  the  presence  of  IL-3,  IL-6,  and  SCF.  To  model  B-ALL, 
bone  marrow  from  non-5-FU-treated  donors  was  transduced  without 
cytokines.  Wild-type  recipient  mice  were  prepared  by  900  cGy  (for 
BABL/c)  or  1150  cGy  (for  C57BL/6)  gamma  irradiation  and  a  dose  of 
0.5  X  106  (CML)  or  1.0  X  106  (B-ALL)  cells  transplanted  via  tail  vein 
injection.  Diseased  mice  were  analyzed  by  histopathological  and  biochemi¬ 
cal  analyses  as  described  previously.26 


Flow  cytometry 

Hematopoietic  cells  were  collected  from  peripheral  blood  and  bone  marrow 
of  the  diseased  mice,  and  red  blood  cells  were  lysed  with  NH4C1  red  blood 
cell  lysis  buffer  (pH  7.4).  The  cells  were  washed  with  PBS,  and  stained  with 
B220-PE  for  B  cells,  Grl-APC  for  neutrophils,  and  Scal-APC/c-kit-PE  for 
hematopoietic  stem  cells.  After  staining,  the  cells  were  washed  once  with 
PBS  and  subjected  to  FACS  analysis. 

Culture  of  leukemia  stem  cells 

Bone  marrow  cells  isolated  from  CML  mice  were  cultured  in  vitro  in  the 
presence  of  stemspan  SFEM,  SCF,  IGF-2,  TPO,  heparin,  and  a-FGF  as 
reported  previously  for  culture  of  hematopoietic  stem  cells.28,29 

Drug  treatment 


Figure  1.  Inhibition  of  Hsp90  by  IPI-504  causes  BCR-ABL  protein  degradation. 

(A)  Structure  of  IPI-504.  (B)  IPI-504-induced  disassociation  of  BCR-ABL  and  Hsp90, 
and  subsequent  degradation  of  BCR-ABL  protein.  BCR-ABL-T31 51-expressing  32D 
cells  were  treated  with  IPI-504  (2  |xM)  for  30  minutes  and  4  hours,  respectively. 
Protein  lysates  were  analyzed  by  Western  blotting  using  antibodies  indicated.  WCL 
indicates  whole  cell  lysate;  IP,  immunoprecipitation;  and  IB,  immunoblotting.  (C)  The 
proteasome  inhibitor  PS-341  restored  IPI-504-mediated  depletion  of  BCR-ABL 
protein.  BCR-ABL-T31 51-expressing  32D  cells  were  treated  with  IPI-504  (2  |xM) 
alone  or  IPI-504  plus  PS-341  (100  nM)  for  4  or  8  hours,  respectively.  Protein  lysates 
were  analyzed  by  Western  blotting  using  antibodies  indicated.  The  well-described 
Hsp90  client,  Akt,  was  evaluated  as  a  positive  control.  Note  that  the  cells  were 
pretreated  with  PS-341  for  30  minutes  prior  to  the  cotreatment  with  IPI-504  and 
PS-341 .  The  black  lines  indicate  that  the  lanes  that  were  not  adjacent  on  the  same 
original  Western  blotting  gel  were  brought  together  to  generate  this  figure. 

PS-341  restored  IPI-504-mediated  depletion  of  BCR-ABL  protein 
(Figure  1C). 


IPI-504  was  dissolved  in  a  solution  containing  50  mM  citrate,  50  mM 
ascorbate,  2.44  mM  EDTA,  pH  3.3.  Imatinib  was  dissolved  in  water.  The 
drugs  were  given  orally  in  a  volume  of  less  than  0.5  mL  by  gavage  (50 
or  100  mg/kg,  every  other  day  for  IPI-504,  and  100  mg/kg,  twice  a  day 
for  imatinib)  beginning  at  8  days  after  bone  marrow  transplantation, 
and  continuing  until  the  morbidity  or  death  of  the  leukemic  mice. 
Placebo  is  a  solution  containing  50  mM  citrate,  50  mM  ascorbate,  2.44  mM 
EDTA,  pH  3.3. 


Results 

Inhibition  of  Hsp90  by  IPI-504  causes  BCR-ABL  protein 
degradation 

IPI-504  is  the  hydroquinone  hydrochloride  derivative  of  the 
well-described  Hsp90  inhibitor,  17-AAG;  the  chemical  structure  of 
IPI-504  is  shown  in  Figure  1  A.  To  examine  the  effects  of  IPI-504 
on  stability  of  BCR-ABL  protein  and  to  test  whether  the  degrada¬ 
tion  of  BCR-ABL  protein  is  initiated  through  IPI-504-induced 
disassociation  of  BCR-ABL  from  Hsp90,  T315I-32D  myeloid  cells 
were  treated  with  IPI-504  for  30  minutes  and  4  hours,  respectively. 
Hsp90  protein  was  immunoprecipitated  and  Hsp90-associated 
BCR-ABL  protein  was  assessed.  IPI-504  induced  complete  disasso¬ 
ciation  of  BCR-ABL  and  Hsp90  within  30  minutes,  followed  by 
loss  of  BCR-ABL  protein  at  4  hours  (Figure  IB).  These  results 
demonstrate  that  BCR-ABL  protein  is  degraded  after  inhibition  of 
Hsp90  by  IPI-504  and  this  degradation  occurs  after  disassociation 
of  BCR-ABL  from  Hsp90.  To  further  demonstrate  that  IPI-504 
mediates  the  degradation  of  BCR-ABL  through  the  proteasome, 
T315I-32D  myeloid  cells  were  treated  with  IPI-504  alone  for  up  to 
8  hours  or  with  both  IPI-504  and  a  proteasome  inhibitor  PS-34  130,31 
that  should  inhibit  BCR-ABL  degradation  caused  by  IPI-504. 


Hsp90  is  a  therapeutic  target  for  BCR-ABL-induced  CML 

An  investigation  of  whether  Hsp90  is  an  effective  target  for  the 
treatment  of  CML  in  vivo  was  conducted  in  the  bone  marrow 
transplantation  (BMT)  mouse  model  of  CML,  in  which  bone 
marrow  cells  from  B ALB/c  donor  mice  pretreated  with  5-fluorou- 
racil  (5-FU)  and  transduced  with  BCR-ABL  results  in  development 
of  CML  in  B ALB/c  recipient  mice.26  Mice  with  WT  or  T315I- 
transduced  bone  marrow  from  5-FU-treated  WT  BALB/c  donor 
mice  were  treated  with  a  placebo,  the  Hsp90  inhibitor  IPI-504,  or 
imatinib  alone,  or  the  2  agents  in  combination.  All  placebo-treated 
mice  developed  and  died  of  CML  within  3  weeks  after  BMT 
(Figure  2A).  As  expected,  imatinib  treatment  was  effective  in 
treating  WT-induced  CML  but  not  CML  induced  by  T315I  (Figure 
2A).  In  a  dose-dependent  manner,  treatment  with  IPI-504  alone 
significantly  prolonged  survival  of  mice  with  WT  CML,  but  even 
more  markedly  prolonged  survival  of  mice  with  T315I-induced 
CML  (Figure  2A,  P  <  .001).  Inhibition  of  Hsp90  by  IPI-504 
appears  to  be  more  effective  in  treating  CML  induced  by  T315I 
than  by  WT  BCR-ABL,  consistent  with  results  in  Figure  1 A  and  in 
line  with  previously  reported  results  with  the  Hsp90  inhibitor, 
17-AAG.20  In  both  cases,  inhibition  of  Hsp90  results  in  degradation 
of  mutant  BCR-ABL  more  readily  than  WT.  Treatment  of  mice 
with  WT  CML  with  both  IPI-504  and  imatinib  was  slightly  more 
effective  (but  statistically  insignificant)  than  with  imatinib  alone  in 
prolonging  survival  of  the  mice  (Figure  2A),  while  treatment  of 
mice  with  BCR-ABL-T315I-induced  CML  with  these  2  drugs  did 
not  further  prolong  survival  of  the  mice  compared  with  the  mice 
treated  with  IPI-504  alone  (Figure  2A).  Prolonged  survival  of 
IPI-504-treated  CML  mice  correlated  with  decreased  peripheral 
blood  BCR-ABL-expressing  (GFP-positive)  leukemia  cells  during 
therapy  (Figure  2B,  P  <  .001)  and  less  splenomegaly  at  necropsy 
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Figure  2.  Hsp90  is  a  therapeutic  target  for  CML  induced  by  either  BCR-ABL-WT  or  BCR-ABL-T315I.  (A)  Treatment  with  the  Hsp90  inhibitor  IPI-504  prolonged  survival  of 
CML  mice.  Mice  with  BCR-ABL-WT  (left  panel)-  or  BCR-ABL-T315I  (right  panel)-induced  CML  were  treated  with  placebo  (n  =  15  for  BCR-ABL-WT;  n  =  13  for 
BCR-ABL-T315I),  imatinib  (100  mg/kg,  twice  a  day  by  gavage)  (n  =  8  for  both  BCR-ABL-WT  and  -T315I),  IPI-504  (50  mg/kg,  once  every  2  days  by  gavage)  (n  =  20  for  both 
BCR-ABL-WT  and  BCR-ABL-T315I),  IPI-504  (100  mg/kg,  once  every  2  days  by  gavage)  (n  =  8  for  both  BCR-ABL-WT;  n  =  7  for  BCR-ABL-T315I),  and  imatinib  +  IPI-504 
(n  =  12  for  both  BCR-ABL-WT  and  -T315I),  respectively,  beginning  at  day  8  after  transplantation.  The  IPI-504-treated  mice  with  BCR-ABL-T315l-induced  CML  lived  longer 
than  those  with  BCR-ABL-WT-induced  CML  (comparing  between  left  and  right  panels).  (B)  Flow  cytometric  evaluation  of  the  leukemic  process  in  IPI-504-  or  imatinib-treated 
CML  mice.  The  number  of  circulating  leukemic  ceils  (calculated  as  percentage  of  Gr-1+  GFP+  cells  x  white  blood  cell  count)  in  mice  with  BCR-ABL-WT  (left  panel)-  or 
BCR-ABL-T315I  (right  panel)-induced  CML  treated  with  placebo,  imatinib,  IPI-504,  or  the  combination  of  imatinib  and  IPI-504  was  determined  on  day  14  after  transplantation. 

(C)  Spleen  weights  of  CML  mice  treated  with  placebo,  imatinib,  IPI-504,  and  combination  of  imatinib  and  IPI-504.  (Left  panel)  BCR-ABL-WT.  (Right  panel)  BCR-ABL-T315I. 

(D)  Photomicrographs  of  hematoxylin  and  eosin-stained  lung  sections  from  drug-treated  mice  at  day  1 4  after  transplantation.  (E)  Western  blot  analysis  of  spleen-cell  lysates 
for  degradation  of  BCR-ABL  in  IPI-504-treated  CML  mice.  IB  indicates  immunoblot. 


(Figure  2C).  As  lung  hemorrhage  caused  by  infiltration  of  mature 
myeloid  leukemia  cells  is  a  major  cause  of  death  of  CML  mice,26 
we  further  evaluated  the  therapeutic  effect  of  IPI-504  on  CML  by 
examining  the  severity  of  lung  hemorrhages  at  day  15  after  BMT. 
Compared  with  placebo-treated  mice,  fewer  hemorrhages  were 
observed  in  the  lungs  of  IPI-504-treated  mice  with  BCR-ABL- 
T315I-induced  CML  (Figure  2D).  Western  blot  analysis  of  spleen¬ 
cell  lysates  from  the  treated  CML  mice  showed  that  IPI-504 
reduced  the  levels  of  BCR-ABL  protein  in  CML  mice  (Figure  2E). 

Hsp90  is  also  a  therapeutic  target  for  B-ALL  induced  by 
BCR-ABL-T315I 

CML  often  initiates  in  a  chronic  phase  and  eventually  progresses  to 
a  terminal  blastic  phase,  in  which  either  acute  myeloid  or  acute 
B-lymphoid  leukemia  develops.32  Some  Ph+  leukemia  patients 


have  B-ALL  as  their  first  clinical  appearance.  B-ALL  is  similar 
pathologically  to  acute  B-lymphoid  leukemia  in  the  blastic  phase  of 
CML.  Notably,  both  forms  of  acute  leukemia  do  not  respond  well 
to  available  BCR-ABL  kinase  inhibitors.15’16  To  model  B-ALL  in 
mice,  BCR-ABL-transduced  bone  marrow  cells  from  donor  mice 
that  are  not  pretreated  with  5-FU  are  transplanted  into  BALB/c 
mice.26'33  In  this  model,  the  malignant  pre-B  cells  express  the  cell 
surface  markers  B220  and  CD19,  and  phenotypic  ally  resemble  de 
novo  Ph+  B-ALL  and  lymphoid  blast  crisis  of  CML.26'27  To 
determine  whether  inhibition  of  Hsp90  is  effective  in  treating  WT 
or  T315I-induced  B-ALL,  these  mice  were  treated  with  a  placebo, 
IPI-504  alone,  imatinib  alone,  or  the  2  agents  in  combination 
(Figure  3).  All  placebo-treated  recipients  of  WT  or  T315I- 
transduced  bone  marrow  developed  and  died  of  B-ALL  within  5  to 
6  weeks  after  BMT  (Figure  3A).  IPI-504  treatment  did  not  prolong 
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Figure  3.  Hsp90  is  a  therapeutic  target  for  B-ALL  induced  by 
BCR-ABL-T315I.  (A)  Treatment  with  the  Hsp90  inhibitor  IPI-504  pro¬ 
longed  survival  of  mice  with  B-ALL  induced  by  BCR-ABL-T315I  (right 
panel)  but  not  by  BCR-ABL-WT  (left  panel).  B-ALL  mice  treated  with  a 
placebo  (n  =  9  for  BCR-ABL-WT;  n  =  8  for  BCR-ABL-T315I),  imatinib 
(n  =  8  for  BCR-ABL-WT;  n  =  10  for  BCR-ABL-T315I),  IPI-504  (n  =  13  for 
BCR-ABL-WT;  n  =  8  for  BCR-ABL-T315I),  and  combination  of  imatinib 
and  IPI-504  (n  =  10  for  BCR-ABL-WT;  n  =  8forBCR-ABL-T315l).  (B)  Flow 
cytometric  evaluation  of  the  leukemic  process  in  IPI-504-  or  imatinib- 
treated  mice  with  B-ALL  induced  by  BCR-ABL-WT  (left  panel)  or  BCR-ABL- 
T31 51  (right  panel).  The  number  of  circulating  leukemic  cells  (calculated  as 
percentage  of  B220+  GFP+  cells  x  white  blood  cell  count)  in  B-ALL  mice 
treated  with  placebo,  imatinib,  IPI-504,  or  the  combination  of  imatinib  and 
IPI-504  was  determined  on  days  11,  14,  and  17  after  transplantation.  (C) 
Spleen  weights  of  B-ALL  mice  treated  with  placebo,  imatinib,  IPI-504,  and 
combination  of  imatinib  and  IPI-504.  (Left  panel)  BCR-ABL-WT  (Right 
panel)  BCR-ABL-T315I. 
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survival  of  mice  with  BCR-ABL-WT-induced  B-ALL  (Figure 
3A),  in  contrast  to  its  therapeutic  effect  on  CML  induced  by 
BCR-ABL-WT  (Figure  2A).  Given  the  dose  response  seen  in  the 
CML  study  and  significant  improvement  in  survival  when  the  dose 
of  IPI-504  is  increased  from  50  to  100  mg,  a  similar  increase  in 
dose  may  be  needed  in  B-ALL.  However,  similar  to  the  effect  seen 
in  CML  (Figure  2A),  IPI-504  treatment  significantly  prolonged 
survival  of  mice  with  T315I-  B-ALL  (Figure  3A,  P  <  .001). 
Prolonged  survival  of  IPI-504-treated  B-ALL  mice  correlated  with 
decreased  numbers  of  peripheral  blood  BCR-ABL-expressing 
leukemia  cells  and  spleen  weights  during  therapy  (Figure  3B-C, 
P  <  .001).  Once  again,  inhibition  of  Hsp90  by  IPI-504  is  more 
effective  against  tumor  cells  bearing  T315  than  BCR-ABL-WT. 

Hsp90  inhibition  has  differential  effects  on  BCR-ABL 
degradation  and  Hsp70  induction  in  myeloid  and  lymphoid 
cells  in  vitro 

To  investigate  why  inhibition  of  Hsp90  is  more  effective  in  treating 
CML  than  B-ALL  (Figures  2-3),  we  compared  the  effects  of 
treatment  with  IPI-504  on  BCR-ABL-WT  or  BCR-ABL-T315I  at 
protein  level  in  a  mouse  myeloid  cell  line  (32D)  and  a  mouse 
lymphoid  cell  line  (BaF/3)  (Figure  4).  BCR-ABL-expressing  32D 
and  BaF/3  cells  were  treated  with  different  concentrations  of 
IPI-504.  After  treatment,  levels  of  BCR-ABL-WT  protein  were 
dramatically  decreased  in  32D  cells  (Figure  4A),  but  only  slightly 
in  BaF/3  cells  (Figure  4B).  Compared  with  BCR-ABL-WT, 
BCR-ABL-T315I  was  more  sensitive  to  IPI-504-induced  degrada¬ 
tion  in  both  32D  and  BaF/3  cells,  but  levels  of  BCR-ABL  protein 
were  decreased  much  more  markedly  in  32D  cells  than  in  BaF/3 
cells  (Figure  4A-B).  These  results  indicate  that  inhibition  of  Hsp90 
by  IPI-504  affects  BCR-ABL  stability  more  strongly  in  myeloid 
cells  than  in  lymphoid  cells.  It  has  been  shown  that  the  Hsp90 
antagonists  geldanamycin  and  17-AAG  alter  chaperone  association 
of  Hsp90  with  BCR-ABL  and  facilitate  binding  of  BCR-ABL  to 
heat  shock  protein  70  (hsp70),  resulting  in  degradation  of  BCR- 
ABL  by  the  proteasome.19'34"36  Recent  studies  have  shown  that 
Hsp70  plays  a  positive  role  in  BCR-ABL-mediated  resistance  to 
apoptosis.37,38  If  Hsp70  plays  a  role  in  decreased  sensitivity  of 
B-ALL  than  CML  to  IPI-504  treatment,  we  expect  that  after 
IPI-504  treatment,  Hsp70  would  be  induced  to  a  much  higher  level 
in  BCR-ABL-expressing  lymphoid  cells  than  in  myeloid  cells. 
However,  an  increase  in  intracellular  Hsp70  levels  was  observed  in 
IPI-504-treated  BCR-ABL-expressing  32D  but  not  Ba/F3  cells 
(Figure  4A-B).  This  observation  is  consistent  with  our  in  vivo 
observation  in  cells  from  CML  and  B-ALL  mice,  which  showed 
that  the  level  of  Hsp70  in  leukemic  cells  from  IPI-504-treated 


CML  mice  is  higher  than  that  in  leukemic  cells  from  B-ALL  mice 
(Figure  4C-D).  Thus,  Hsp70  is  not  an  explanation  for  the  decreased 
sensitivity  of  B-ALL  compared  with  CML  upon  IPI-504  treatment 
(Figures  2-3). 

Inhibition  of  Hsp90  suppresses  CML  stem  cells 

In  the  BMT  CML  model,  imatinib  prolongs  survival  of  mice  with 
BCR-ABL-induced  CML,33,39  but  does  not  stop  progression  of  the 
disease,33  partially  due  to  the  inability  of  imatinib  to  completely 
eradicate  leukemia  stem  cells.40  Hematopoietic  stem  cells  (HSCs) 
have  been  identified  in  the  CML  model  by  showing  that  the 
Lin~c-Kit+Sca-1+  population  is  sufficient  to  confer  leukemia  in 
recipient  mice.40  To  investigate  whether  inhibition  of  Hsp90  has  an 
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Figure  4.  Hsp90  inhibition  has  differential  effects  on  BCR-ABL  degradation  and 
Hsp70  induction  in  myeloid  and  lymphoid  cells  in  vitro  and  in  vivo.  (A)  In  32D 

cells,  IPI-504-induced  degradation  of  BCR-ABL-T315I  was  greater  than  that  of 
BCR-ABL-WT.  BCR-ABL-WT-  or  BCR-ABL-T31 51-expressing  32D  cells  were  treated 
with  different  concentrations  of  IPI-504  for  12  hours.  Protein  lysates  were  analyzed  by 
Western  blotting  using  antibodies  indicated.  (B)  In  Ba/F3  cells,  IPI-504  induced 
significant  degradation  of  BCR-ABL-T315I  but  not  BCR-ABL-WT.  BCR-ABL-WT-  or 
BCR-ABL-T31 51-expressing  32D  cells  were  treated  with  different  concentrations  of 
IPI-504  for  12  hours.  Protein  lysates  were  analyzed  by  Western  blotting  using 
antibodies  indicated.  (C)  Mice  with  BCR-ABL-T315l-induced  CML  were  treated  with 
placebo,  imatinib  (100  mg/kg,  twice  a  day  by  gavage),  and  IPI-504  (50  mg/kg,  once 
every  2  days  by  gavage),  respectively,  for  8  days,  beginning  at  day  8  after 
transplantation.  At  6  hours  after  the  last  dose,  protein  lysates  of  leukemic  cells  from 
the  spleen  of  the  treated  CML  mice  were  analyzed  by  Western  blotting  using 
antibodies  indicated.  The  black  line  indicates  that  the  lanes  that  were  not  adjacent  on 
the  same  original  Western  blotting  gel  were  brought  together  to  generate  this  figure. 
(D)  Mice  with  BCR-ABL-T315l-induced  B-ALL  were  treated  with  placebo,  imatinib, 
and  IPI-504,  respectively,  for  8  days,  beginning  at  day  8  after  transplantation.  At 
6  hours  after  the  last  dose,  protein  lysates  of  leukemic  cells  from  the  spleen  of  the 
treated  mice  were  analyzed  by  Western  blotting  using  antibodies  indicated.  The  black 
line  indicates  that  the  lanes  that  were  not  adjacent  on  the  same  original  Western 
blotting  gel  were  brought  together  to  generate  this  figure. 
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inhibitory  effect  on  leukemia  stem  cells  in  CML,  we  first  isolated 
bone  marrow  cells  from  mice  with  T315I-induced  CML  and 
cultured  the  cells  in  conditions  that  support  survival  and  growth  of 
HSCs.28-29  During  culture,  the  cells  were  treated  with  IPI-504  or 
imatinib  (Figure  5).  Six  days  after  the  treatment,  we  analyzed 
survival  of  GFP+Lin~c-Kit+Sca-1+  cells,  representing  leukemia 
stem  cells  remaining  in  the  culture.  FACS  analysis  showed  that 
compared  with  the  untreated  group,  imatinib  treatment  did  not 
lower  the  percentage  and  the  number  of  leukemia  stem  cells, 
whereas  IPI-504  treatment  had  a  dramatic  inhibitory  effect  on  the 
stem  cells  (Figure  5A,  P  <  .001).  We  next  tested  whether  IPI-504 
inhibits  leukemia  stem  cells  in  CML  mice.  Mice  with  BCR-ABL- 
T315I-induced  CML  were  treated  with  a  placebo,  imatinib,  or 
IPI-504  for  6  days,  and  bone  marrow  cells  were  analyzed  by  FACS 
for  GFP+Lin“c-Kit+Sca-1+  cells.  Consistent  with  the  in  vitro 
results,  imatinib  treatment  did  not  lower  the  percentage  and  number 
of  leukemia  stem  cells,  compared  with  the  untreated  group, 
whereas  IPI-504  treatment  had  a  dramatic  inhibitory  effect  on  the 
stem  cells  (Figure  5B).  To  determine  whether  IPI-504  had  an  effect 
on  normal  HSCs  in  mice,  WT  mice  were  treated  with  IPI-504  or 
placebo  for  2  weeks.  Analysis  of  bone  marrow  from  these  mice 
showed  that  there  was  no  change  in  levels  of  Lin~c-Kit+Sca-1  + 
cells  from  any  treatment  group  (Figure  5C),  indicating  that  IPI-504 
treatment  did  not  inhibit  survival  of  normal  HSCs. 

Inhibition  of  Hsp90  prevents  emergence  of  the 
T31 51-expressing  clones  over  the  WT  clones 

The  effectiveness  of  IPI-504  in  prolonging  survival  of  mice  with 
CML  and  B-ALL  induced  by  the  T315I  mutant  (Figures  2-3) 
suggests  that  inhibition  of  Hsp90  would  preferentially  prevent 
emergence  of  the  T3 151-expressing  clones  over  the  WT  clones.  To 
test  this  hypothesis,  studies  were  performed  in  mice  bearing  both 
populations  of  leukemic  cells.  In  the  first  study,  bone  marrow  cells 


(BMCs)  from  Ly  5.1  and  Ly5.2  C57BL/6  mice  were  transduced 
with  BCR-ABL-T315I  and  BCR-ABL-WT,  respectively.  Equal 
numbers  of  donor  BMCs  were  mixed  and  transplanted  into 
recipient  mice.  Mice  were  treated  with  a  placebo,  imatinib,  or 
IPI-504.  During  the  treatment,  FACS  analysis  was  performed  to 
assess  the  percentages  of  GFP+Gr-1+Ly5.1+  (representing  T315I- 
expressing  cells)  and  GFP+Gr-1+Ly5.1“  (representing  WT- 
expressing  cells)  cells  in  peripheral  blood  of  the  CML  mice  (Figure 
6A).  In  placebo-treated  mice,  the  ratio  between  T315I-  and 
WT-expressing  cells  remained  unchanged,  and  in  imatinib-treated 
mice,  T3 151-expressing  cells  became  dominant.  In  contrast,  with 
continuous  treatment  of  IPI-504,  T3 151-expressing  cells  gradually 
decreased  to  a  low  level  (Figure  6A).  Mice  treated  with  IPI-504 
lived  significantly  longer  than  those  treated  with  imatinib  (Figure 
6A).  Consistent  with  previous  data,  these  results  indicate  that 
inhibition  of  Hsp90  preferentially  suppresses  T3 151-expressing 
leukemic  clones  over  the  WT-expressing  clones.  In  the  second 
study,  BMCs  from  B  ALB/c  mice  were  transduced  with  BCR-ABL- 
T315I  and  BCR-ABL-WT,  respectively,  and  equal  numbers  of  the 
transduced  cells  were  mixed  and  transplanted  into  recipient  mice. 
Mice  were  treated  with  a  placebo,  imatinib,  IPI-504,  or  both  agents 
(Figure  6B).  Mice  treated  with  the  combination  of  IPI-504  and 
imatinib  survived  significantly  longer  than  those  treated  with 
IPI-504  or  imatinib  alone.  Results  from  these  studies  suggest  that 
the  combined  use  of  IPI-504  and  imatinib  would  be  a  viable 
strategy  for  preventing  emergence  of  imatinib-resistant  clones  in 
the  clinic. 

Other  imatinib-resistant  BCR-ABL  mutants  are  also  sensitive  to 
Hsp90  inhibition 

Other  resistance-conferring  BCR-ABL  kinase  domain  mutations 
have  been  observed  in  imatinib  refractory  CML  patients,  including 
E225K,  M351T,  and  Y253F.5’9  Consistent  with  the  increased 
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Figure  5.  Targeting  Hsp90  by  IPI-504  inhibits  survival  of 
leukemia  stem  cells.  (A)  Bone  marrow  cells  isolated  from 
C57BL/6  (B6)  mice  with  BCR-ABL-T315l-induced  CML  were 
cultured  in  vitro  (5  x  106  cells/6  cm  tissue  culture  plate)  under  the 
stem  cell  condition  (“Materials  and  methods”)  in  the  presence  or 
absence  of  IPI-504  (0.1  (jlM)  or  imatinib  (2  pM)  for  6  days 
(changing  the  stem  cell  medium  containing  placebo  or  IPI-504  at 
day  3)  followed  by  FACS  analysis  of  leukemia  stem  cells 
(GFP+Lin~c-Kit+Sca-1 +).  (B)  Mice  with  BCR-ABL-T31 51-induced 
CML  were  treated  with  a  placebo  (n  =  5),  imatinib  (100  mg/kg, 
twice  a  day  by  gavage)  (n  =  5),  and  IPI-504  (50  mg/kg,  once 
every  2  days  by  gavage)  (n  =  5),  respectively,  for  6  days  begin¬ 
ning  at  day  8  after  transplantation.  Bone  marrow  cells  were 
isolated  from  the  treated  CML  mice,  and  leukemia  stem  cells  were 
analyzed  by  FACS.  The  numbers  of  cells  represent  total  leukemia 
stem  cells  in  average  from  femur  and  tibia  of  each  treated  CML 
mouse.  (C)  IPI-504  had  no  inhibitory  effect  on  survival  of  normal 
HSCs  in  mice.  B6  mice  were  treated  with  a  placebo  (n  =  5), 
imatinib  (100  mg/kg,  twice  a  day  by  gavage)  (n  =  5),  and  IPI-504 
(50  mg/kg,  once  every  2  days  by  gavage)  (n  =  5),  respectively,  for 
2  weeks.  Bone  marrow  cells  were  isolated  from  the  treated  mice, 
and  were  analyzed  by  FACS. 
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Figure  6.  Inhibition  of  Hsp90  by  IPI-504  preferentially  reduces  growth  of 
myeloid  leukemic  cells  harboring  the  BCR-ABL-T315I  mutant.  (A)  Bone  marrow 
cells  from  C57BL/6-Ly5.2  mice  were  transduced  by  BCR-ABL-WT,  and  bone  marrow 
cells  from  C57BL/6-Ly5.1  mice  were  transduced  by  BCR-ABL-T31 51.  The  transduced 
cells  were  1:1  mixed,  and  0.5  x  106  mixed  cells  were  injected  into  each  recipient 
mouse  (C57BL/6-Ly5.2).  The  mice  were  treated  with  a  placebo  (n  =  10),  imatinib 
(100  mg/kg,  twice  a  day)  (n  =  10),  and  IPI-504  (50  mg/kg,  once  every  2  days) 
(n  =  10),  respectively,  beginning  at  8  days  after  BMT.  At  days  12  and  15  after  BMT, 
GFP+  cells  viable  cells  in  peripheral  blood  of  the  mice  were  analyzed  for  Gr-1  +Ly5.1 + 
cells  that  represented  BCR-ABL-T31 51-expressing  myeloid  cells.  Gr-1+Ly5.1“  cells 
represented  BCR-ABL-WT-expressing  myeloid  cells.  Percentages  of  BCR-ABL- 
T31 51-expressing  myeloid  cells  in  peripheral  blood  of  IPI-504-treated  CML  mice 
were  further  analyzed  at  days  21  and  28  after  BMT.  The  FACS  results  for  one 
representative  mouse  from  each  treatment  group  were  shown.  IPI-504  but  not 
imatinib  significantly  prolonged  survival  of  the  CML  mice.  (B)  Simultaneous  inhibition 
of  Hsp90  and  BCR-ABL  kinase  activity  with  IPI-504  and  imatinib  significantly  prolongs 
survival  of  CML  mice  carrying  both  T31 5-expressing  and  WT-BCR-ABL  leukemia 
cells.  BALB/c  mice  were  used  to  induce  CML,  and  each  treatment  group  had  10  mice. 


dependency  of  BCR-ABL-T315I  on  Hsp90,  IPI-504  also  pro¬ 
longed  survival  of  mice  with  CML  induced  by  these  mutants 
(Figure  7). 


Discussion 

While  the  mechanism  of  primary  resistance  to  imatinib  and 
dasatinib  therapy  in  CML  patients  is  poorly  understood,  the 
mechanisms  of  secondary  resistance  have  been  very  well  character¬ 
ized.  Kinase  domain  mutations  represent  the  predominant  form  of 
secondary  resistance  accounting  for  up  to  90%  of  cases.  Currently, 
no  drugs  have  been  effective  in  treating  patients  with  CML  and 
B-ALL  harboring  the  BCR-ABL-T315I  mutation.  Recent  clinical 
trials  with  dasatinib  revealed  that  patients  known  to  have  the 
BCR-ABL-T315I  mutation  prior  to  therapy  had  no  objective 
response  to  treatment.16  Thus,  as  newer  tyrosine  kinase  inhibitors 
(TKIs)  that  effectively  block  other  resistant  mutations  become 
clinically  available,  the  T315I  mutation  may  become  the  predomi¬ 


nant  acquired  resistance  mutation.  The  challenge  for  development 
of  an  effective  Ph+  leukemia  therapy  is  therefore  to  develop  an 
alternative  treatment  strategy  that  does  not  rely  solely  on  kinase 
domain  inhibition  but  rather  results  in  degradation  of  the  offending 
BCR-ABL  protein  regardless  of  its  mutational  status.  Herein,  we 
demonstrate  that  direct  inhibition  of  Hsp90  function  with  IPI-504 
represents  an  alternative  treatment  strategy  that  results  in 
degradation  of  the  offending  BCR-ABL  protein  regardless  of  its 
mutational  status.  Our  findings  suggest  that  inhibition  of  other 
targets  that  impact  Hsp90  function  might  also  be  effective  in 
murine  models  of  Ph+  leukemia.  For  example,  histone  deacety- 
latase  (HDAC)  inhibitors  that  induce  acetylation  and  inhibition 
of  Hsp90  might  also  be  active.41-44 

While  imatinib  induces  complete  hematologic  and  cytogenetic 
remission  in  the  majority  of  newly  diagnosed  chronic-phase  CML 
patients,45  molecular  remission  is  difficult  to  achieve  in  these 
patients.  One  study  designed  to  look  at  newly  diagnosed  chronic- 
phase  patients  using  the  standard-dose  imatinib  (400  mg  daily), 
with  a  18-month  follow-up  showed  that  only  39%  of  patients 
obtained  a  major  molecular  response  (greater  than  or  equal  to  3-log 
reduction  of  BCR-ABL  mRNA),  whereas  even  fewer  patients,  4%, 
obtained  a  complete  molecular  response  rate  (negativity  by  reverse- 
transcription-polymerase  chain  reaction  [RT-PCR]).46  One  predic¬ 
tion  as  to  why  the  patients  do  not  obtain  a  complete  molecular 
response  is  perhaps  due  to  imatinib  not  targeting  the  BCR-ABL- 
positive  stem  cells.  This  suggests  that  therapy  with  imatinib  does 
not  completely  eradicate  leukemic  cells.  It  is  likely  that  a  small 
number  of  leukemic  cells  remain  in  imatinib-treated  CML  patients, 
and  these  cells  may  function  as  leukemia  stem  cells  responsible  for 
disease  relapse.  The  inhibitory  effects  of  IPI-504  on  leukemia  stem 
cells,  while  appearing  to  spare  the  normal  hematopoietic  stem  cells, 
merits  further  investigation.  Sole  inhibition  of  BCR-ABL  by 
imatinib  has  limited  inhibitory  effects  on  leukemic  stem  cells  in 
mice.40  Thus,  a  pathway  distinct  from  BCR-ABL  is  likely  involved 
in  suppression  of  survival  of  leukemic  stem  cells  by  IPI-504. 
A  plausible  explanation  is  that  BCR-ABL  cooperates  with  a 
non-BCR-ABL  signaling  pathway  that  is  driven  by  an  unknown 
Hsp90  client  protein  to  maintain  survival  of  leukemic  stem  cells. 
IPI-504  is  able  to  inhibit  both  pathways,  as  would  be  necessary  to 
suppress  leukemic  stem  cells.  The  putative  pathway  that  is  Hsp90 
dependent  might  be  less  critical  for  normal  hematopoietic  stem 
cells.  The  putative  non-BCR-ABL  pathway  in  leukemic  stem  cells 
requires  further  study. 

The  inhibitory  effects  of  IPI-504  on  BCR-ABL-T3 151- 
expressing  cells  indicate  that  Hsp90  may  serve  as  an  effective 
target  for  treating  imatinib-  and  dasatinib-resistant  CML  patients, 
as  well  as  patients  with  blast  crisis  or  with  Ph+  ALL.  The 
simultaneous  use  of  IPI-504  and  imatinib  in  chronic -phase  CML 
patients  might  prevent  the  development  of  imatinib-resistant  clones 
and  inhibit  growth  of  highly  proliferative  leukemic  cells  through 
inhibition  of  BCR-ABL  kinase  activity,  thereby  providing  a 
rationale  for  combination  strategy.  Likewise,  early  use  of  IPI-504 
to  suppress  initial  B-ALL  clones  may  help  prevent  the  transition  of 
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Figure  7.  Other  imatinib-resistant  BCR-ABL  mutants  are  also  sensitive  to 
Hsp90  inhibition.  IPI-504  treatment  prolonged  survival  of  mice  with  CML  induced  by 
imatinib-resistant  BCR-ABL-E225K  (n  =  10),-M351T(n  =  10),  or-Y253F  (n  =  10). 
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CML  to  advanced  B-ALL  caused  by  the  BCR-ABL-T315I  muta¬ 
tion.  While  IPI-504  was  active  in  BCR-ABL-induced  B-ALL,  the 
activity  was  not  as  pronounced  as  in  CML.  Studies  to  evaluate  the 
mechanism  for  this  difference  showed  that  Hsp70  was  more 
strongly  induced  in  myeloid  cells  compared  with  lymphoid  cells. 
Hsp70  is  reported  to  exert  antiapoptotic  effects  in  a  variety  of 
settings  and  cell  types,  including  leukemia  cells  that  are  exposed  to 
Hsp90  inhibitors.37,38  In  separate  studies,  inhibition  of  Hsp90  was 
shown  to  result  in  increased  binding  of  BCR-ABL  to  Hsp70, 
thereby  favoring  proteasome-mediated  degradation  of  BCR- 
ABL.19,34'36  Thus,  on  one  hand,  Hsp70  induction  could  counter  the 
effects  of  Hsp90  inhibition,  while  other  studies  suggest  that  Hsp70 
could  have  a  positive  influence  on  the  ability  of  Hsp90  inhibition  to 
result  in  degradation  of  BCR-ABL.  Elucidation  of  the  mechanism 
of  differential  sensitivity  to  Hsp90  inhibition  between  myeloid  and 
lymphoid  leukemia  will  require  more  extensive  studies,  as  varia¬ 
tion  in  Hsp70  induction  is  not  likely  the  cause. 

In  summary,  IPI-504  represents  a  novel  therapeutic  approach 
whereby  inhibition  of  Hsp90  in  CML  patients  and  Ph+  ALL  may 
significantly  advance  efforts  to  develop  a  cure  for  these  diseases. 
The  rationale  underlying  the  use  of  IPI-504  for  kinase  inhibitor- 
resistant  CML  has  implications  for  other  cancers  that  display 
oncogene  addiction  to  kinases  that  are  Hsp90  client  proteins.  While 
resistant  conferring  kinase-domain  mutations  were  originally  de¬ 
scribed  in  CML,  analogous  mutations  have  been  observed  in  lung 
cancer,  gastrointestinal  stromal  tumor,  and  the  hypereosinophilic 
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syndrome  with  resistance  to  kinase  inhibitor  therapy.47  IPI-504  is 
currently  in  clinical  trials  to  evaluate  its  potential  for  treating 
cancer  that  has  become  resistant  to  therapy  with  tyrosine  kinase 
inhibitors  such  as  imatinib. 
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BCR-ABL  tyrosine  kinase  inhibitors,  such  as  imatinib  (Gleevec)  are  highly  effective  in  treating  human 
Philadelphia  chromosome-positive  (Ph+)  chronic  myeloid  leukaemia  (CML)  in  chronic  phase  but  not  in  termi¬ 
nal  acute  phase;  acquired  drug  resistance  caused  mainly  by  the  development  of  BCR-ABL  kinase  domain 
mutations  prevents  cure  of  the  leukaemia.  In  addition,  imatinib  is  ineffective  in  treating  Ph+  B-cell  acute  lym¬ 
phoblastic  leukaemia  (B-ALL)  and  CML  blast  crisis,  even  in  the  absence  of  the  kinase  domain  mutations.  This 
type  of  drug  resistance  that  is  unrelated  to  BCR-ABL  kinase  domain  mutations  is  caused  by  the  insensitivity 
of  leukaemic  stem  cells  to  kinase  inhibitors  such  as  imatinib  and  dasatinib,  and  by  activation  of  a  newly-iden¬ 
tified  signalling  pathway  involving  SRC  kinases  that  are  independent  of  BCR-ABL  kinase  activity  for  activa¬ 
tion.  This  SRC  pathway  is  essential  for  leukaemic  cells  to  survive  imatinib  treatment  and  for  CML  transition 
to  lymphoid  blast  crisis.  Apart  from  BCR-ABL  and  SRC  kinases,  stem  cell  pathways  must  also  be  targeted 
for  curative  therapy  of  Ph+  leukaemia. 

Keywords:  BCR-ABL  •  Ph+  leukaemia  •  leukaemic  stem  cells  •  kinase  inhibitors  •  SRC  kinases  •  drug  resistance 


Introduction 


The  translocation  between  chromosomes  9  and  22 
gives  rise  to  the  human  Philadelphia  chromosome, 
and  results  in  formation  of  the  chimeric  BCR-ABL 
tyrosine  kinase,  a  constitutively  activated,  oncogenic 


tyrosine  kinase.  Chronic  myeloid  leukaemia  (CML) 
and  B-cell  acute  lymphoblastic  leukaemia  (B-ALL) 
are  both  Philadelphia  chromosome-positive  (Ph+) 
leukaemias  induced  by  the  BCR-ABL  oncogene. 
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CML  often  initiates  in  a  chronic  phase  and  eventual¬ 
ly  progresses  to  a  terminal  blastic  phase,  in  which 
either  acute  myeloid  or  acute  B-lymphoid  leukaemia 
develops.  Some  Ph+  leukaemia  patients,  however, 
have  B-ALL  as  their  first  clinical  appearance. 
Because  B-ALL  is  similar  pathologically  to  acute  B- 
lymphoid  leukaemia  in  the  blastic  phase  of  CML,  Ph+ 
leukaemia  may  present  as  CML  or  B-ALL,  and  suc¬ 
cessful  treatment  of  Ph  +  leukaemia  requires  man¬ 
agement  of  both  diseases  induced  by  BCR-ABL.  It  is 
commonly  believed  that  shutting  down  the  kinase 
activity  of  BCR-ABL  will  completely  inhibit  its  func¬ 
tions,  leading  to  inactivation  of  its  downstream  sig¬ 
nalling  pathways.  Therefore,  current  therapeutic 
efforts  for  Ph+  leukaemia  have  focused  on  targeting 
BCR-ABL  kinase  activity  using  kinase  inhibitors. 

The  BCR-ABL  tyrosine  kinase  inhibitor  imatinib 
mesylate  (Gleevec)  is  the  standard  of  care  for  Ph+ 
leukaemia.  Imatinib  has  been  shown  to  induce  a 
complete  haematologic  response  in  chronic  phase 
CML  patients  [1],  However,  imatinib  has  been  unable 
to  completely  eliminate  BCR-ABL-expressing 
leukaemic  cells  [2,  3],  and  patients  frequently  pres¬ 
ent  with  cellular  and  clinical  drug  resistance  [4-10]. 
We  and  others  have  shown  that  imatinib  prolongs 
survival  of  mice  with  BCR-ABL-induced  CML  [11, 
12],  but  does  not  cure  the  disease  [11].  Recently, 
three  newly  developed  BCR-ABL  kinase  inhibitors, 
dasatinib  [13],  AP23464  [14]  and  AMN107  [15],  have 
been  shown  to  inhibit  almost  all  imatinib-resistant 
BCR-ABL  mutants  in  cell  culture  and  animal  studies; 
the  exception  is  the  BCR-ABL-T31 51  mutant,  which  is 
present  in  15-20%  of  patients  resistant  to  imatinib 
therapy.  Besides  its  anti-BCR-ABL  kinase  activity, 
dasatinib  is  also  a  potent  inhibitor  of  SRC  family 
kinases,  but  the  role  of  the  anti-SRC  activity  of  this 
compound  in  Ph+  leukaemia  therapy  has  not  been 
studied  [13].  For  unknown  reasons,  imatinib  is  much 
less  effective  in  treating  CML  blastic  phase  patients 
and  patients  with  Ph+  B-ALL  [16,  17],  which  has  not 
been  shown  to  be  related  to  the  BCR-ABL  kinase 
domain  mutations,  the  most  common  type  of  ima- 
tinib-resistance.  Because  imatinib  is  a  strong  inhibitor 
of  BCR-ABL  kinase  activity,  the  inability  of  imatinib  to 
cure  CML  and  B-ALL  in  mice  [11]  suggests  that  inac¬ 
tivation  of  BCR-ABL  kinase  activity  alone  is  insuffi¬ 
cient  to  control  the  disease. 

We  have  previously  shown  that  the  three  SRC 
family  kinases  LYN,  HCK  and  FGR  are  activated  by 
BCR-ABL  in  pre-B  leukaemic  cells  and  are  required 


for  the  development  of  B-ALL  [11].  We  have  also 
shown  that  imatinib  does  not  cure  mice  with  B-ALL, 
consistent  with  a  study  using  human  leukaemic  cells, 
in  which  cells  from  patients  resistant  to  imatinib 
expressed  an  activated  form  of  LYN  [18].  Recently, 
we  have  demonstrated  that  inhibition  of  SRC  kinases 
and  BCR-ABL  by  dasatinib  is  effective  in  controlling 
B-ALL  in  mice,  but  leukaemic  stem  cells  in  B-ALL  or 
CML  mice  are  insensitive  to  treatment  with  dasatinib 
or  imatinib  [1 9].  In  this  review,  we  focus  on  discussion 
of  imatinib-resistant  mechanisms  that  are  not  associ¬ 
ated  with  mutations  in  BCR-ABL  kinase  domain 
because  we  believe  that  targeting  these  BCR-ABL 
kinase  activity-independent  pathways  is  critical  to 
curative  therapy  of  Ph+  leukaemia. 


Ph+  leukaemia 

The  BCR-ABL  oncogene  is  the  cause  of  Ph+ 
leukaemias.  The  BCR  gene,  on  chromosome  22, 
breaks  either  at  exon  1,  exon  12/13  or  exon  19  and 
fuses  to  the  c-ABL  gene  on  chromosome  9  to  form, 
respectively,  three  types  of  BCR-ABL  chimeric  gene: 
PI 90,  P210  or  P230.  Each  of  the  three  forms  of  the 
BCR-ABL  oncogene  is  associated  with  a  distinct  type 
of  human  leukaemia.  The  PI  90  form  is  most  often 
present  in  B-ALL  but  only  rarely  in  CML  [20],  where¬ 
as  P21 0  is  mainly  involved  in  CML  and  in  some  acute 
lymphoid  [20]  and  myeloid  leukaemias  in  CML  blast 
crisis.  P230  is  found  in  a  very  mild  form  of  CML  [21]. 
Ph+  B-ALL  and  lymphoid  blast  crisis  of  CML  account 
for  20%  of  adults  and  5%  of  children  with  acute  B- 
lymphoid  leukaemia.  Among  those  patients  with 
BCR-ABL-induced  B-ALL,  50%  of  adults  and  20%  of 
children  carry  P210  form  of  BCR-ABL  and  the  rest  of 
the  patients  carry  the  PI  90  form  [16,  20,  22], 

Chronic  phase  CML  responds  to  imatinib  therapy 
[1],  The  disease  can  progresses  from  chronic  phase 
to  accelerated  phase  or  blast  crisis,  and  the  transi¬ 
tion  from  chronic  phase  to  blast  crisis  results  in  loss 
of  imatinib  response  in  Ph+  leukaemia  patients. 
Although  the  mechanism  underlying  the  disease  pro¬ 
gression  is  not  fully  understood,  additional  genetic 
alterations  are  believed  to  play  a  role  in  this  process. 
Mutations  of  tumour  suppressor  genes,  such  as  the 
retinoblastoma  gene  (Rb),  pi  6  and  p53  appear  to  be 
associated  with  CML  blast  crisis  patients  [23-25]. 
However,  it  is  still  not  known  how  BCR-ABL-expressing 
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cells  acquire  these  additional  genetic  lesions.  An 
increase  in  genetic  instability  caused  by  BCR-ABL  is 
one  plausible  mechanism,  as  BCR-ABL  deregulates 
the  functions  of  DNA  repair-related  genes  according 
to  several  studies.  For  example,  BCR-ABL  down- 
reg-ulates  expression  of  the  DNA  repair  enzyme 
DNA-PKcs  [26].  BCR-ABL  may  interact  with  the  xero¬ 
derma  pigmentosum  group  B  protein,  which  could 
lead  to  the  impairment  of  DNA  repair  function  [27]. 
Expression  of  two  other  genes  related  to  genetic  sta¬ 
bility,  BRCA-1  and  RAD51 ,  is  also  deregulated  by 
BCR-ABL  [28,  29].  BCR-ABL  can  also  cause  overex¬ 
pression  and  increased  activity  of  the  error-prone 
polymerase  (3,  leading  to  an  increased  mutagenesis 
[28].  A  recent  study  showed  that  BCR-ABL  associ¬ 
ates  with  rad  3-related  protein  (ATR),  which  is 
involved  in  DNA  repair,  and  inhibits  activation  of  ATR 
following  DNA  damage,  leading  to  alteration  of  cellu¬ 
lar  responses  to  DNA  damage  [30].  Although  BCR- 
ABL  is  a  primary  driver  for  growth  of  leukaemic  cells 
[31],  it  is  believed  that  the  concomitant  effect  of  BCR- 
ABL  on  cell  survival  and  DNA  double  strand  break 
repair  may  lead  to  the  acquisition  of  additional  genet¬ 
ic  lesions  contributing  to  progression  of  CML  [32]. 
These  studies  demonstrate  that  disruption  of  DNA 
repair  mechanisms  by  BCR-ABL  may  lead  to  progres¬ 
sion  of  chronic  phase  CML  to  more  advance  disease. 


Leukaemic  stem  cells 

A  key  characteristic  of  stem  cells  is  the  ability  for  self¬ 
renewal.  Only  long-term  and  short-term  self-renew¬ 
ing  haematopoietic  stem  cells  (HSCs)  have  the  abili¬ 
ty  to  renew  themselves,  although  other  multi-potent 
progenitors  in  the  haematopoietic  system  proliferate 
and  differentiate  to  become  more  mature  blood  cells. 
[33].  Some  multi-potent  progenitors  that  are  not  nor¬ 
mally  self-renewing  can  aberrantly  acquire  self- 
renewing  capacity  during  leukaemogenesis  to 
become  leukaemic  stem  cells.  For  example,  granulo¬ 
cyte-macrophage  progenitors  have  been  identified 
as  potential  leukaemic  stem  cells  for  human  CML 
myeloid  blast  crisis,  and  /3-catenin  that  is  involved  in 
self-renewal  of  normal  HSCs  [34,  35]  is  also  activat¬ 
ed  in  granulocyte-macrophage  progenitors  [36], 
which  appear  to  have  acquired  the  potential  for  self¬ 
renewal  through  activation  of  (3-catenin.  It  is  still  an 
open  question  whether  cancer  stem  cells  exist  in  all 


types  of  tumours;  however,  it  is  convincing  that  the 
cells  capable  of  initiating  human  AML  in  non-obese 
diabetic  mice  with  severe  combined  immunodeficiency 
disease  (NOD/SCID)  are  exclusively  CD34+CD38~ 
cells  [37],  which  is  characteristic  of  normal  HSCs. 
This  hints  that  leukaemic  stem  cells  and  normal 
HSCs  may  share  mechanisms  for  regulation  of  self¬ 
renewal.  This  is  supported  by  the  studies  using  Bim- 
7-deficient  mice,  in  which  Bim-1  is  required  for  main¬ 
tenance  of  self-renewal  of  normal  HSCs  [38,  39]  and 
stem  cells  for  AML  induced  co-operatively  by  the 
Hoxa9  and  Meisla  genes  [38].  Evidence  that  Bim-1  - 
related  pathways  play  roles  in  the  repopulating  abili¬ 
ty  of  the  leukaemic  stem  cells  is  provided  by  the  find¬ 
ing  that  B/'ml'7'  bone  marrow  cells  from  AML  mice 
are  incapable  of  re-producing  the  disease  in  second¬ 
ary  recipients  [38].  However,  failure  to  re-populate 
malignant  diseases  to  secondary  recipients  does  not 
exclude  the  possibility  that  the  transferred  cancer 
stem  cells  with  self-renewal  capability  did  not  engraft 
due  to  complex  mechanisms  related  to  the 
donor-recipient  interactions.  This  interaction 
between  stem  cells  and  their  specific  bone  marrow 
microenvironment  is  critical  for  regulating  the  bal¬ 
ance  between  self-renewal  and  differentiation  of 
HSCs  [40].  A  new  way  of  understanding  phys- 
iopathology  of  human  haematologic  malignancies  is 
to  fully  understand  how  leukaemic  stem  cells  com¬ 
municate  with  bone  marrow  microenvironment. 

Identification  of  CML  stem 
cells  in  mice 

CML  is  believed  to  be  a  stem  cell  disease.  BCR-ABL 
induces  CML  in  mice  [41-43],  but  mouse  CML  stem 
cells  were  not  identified  and  characterized  until  last 
year.  We  first  tested  whether  BCR-ABL-expressing 
HSCs  function  as  the  stem  cells  in  mice.  When 
C57BL/6  (B6)  bone  marrow  cells  transduced  with 
BCR-ABL  retrovirus  were  sorted  into  two  separate 
populations  (Sca-1“  or  Sca-1+),  only  BCR-ABL- 
transduced  Sca-1+  cells  transferred  lethal  CML  to 
secondary  B6  recipient  mice  [19],  suggesting  that 
early  bone  marrow  progenitors  contain  CML  stem 
cells.  To  narrow  down  the  specific  cell  lineages  that 
function  as  CML  stem  cells,  HSCs  (Lin'c-kit+Sca-1+) 
were  thought  to  be  likely  candidate  population.  Indeed, 
BCR-ABL-expressing  HSCs  (GFP+Lin-c-Kit+Sca-1+) 
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isolated  from  bone  marrow  cells  of  primary  CML 
mice  induces  CML  in  B6  recipient  mice,  indicating 
that  BCR-ABL-expressing  HSCs  function  as  CML 
stem  cells  [19].  It  is  still  to  be  tested  whether  other 
cell  lineages  serve  as  CML  stem  cells. 


BCR-ABL  kinase  inhibitors  prolong 
survival  of  CML  mice,  but  do  not 
completely  eradicate  CML  stem  cells 

BCR-ABL  kinase  inhibitors  are  effective  in  treating 
CML,  but  are  unlikely  to  provide  a  cure  for  the  dis¬ 
ease,  as  imatinib  does  not  effectively  kill  BCR-ABL- 
expressing  primitive  human  CD34+  cells  [2]  and  cure 
CML  mice  [11].  When  a  more  potent  BCR-ABL 
kinase  inhibitor  dasatinib  [13]  is  used  to  treat  CML 
mice,  the  mice  lived  significantly  longer  than  those 
treated  with  imatinib,  but  eventually  still  died  of  this 
disease,  indicating  that,  like  imatinib  [44],  dasatinib 
may  not  eradicate  leukaemic  stem  cells  in  CML  mice 
because  CML  in  mouse  leukaemia  model  originates 
from  multi-lineage  repopulating  cells  [45].  When 
dasatinib  is  tested  for  killing  BCR-ABL-expressing 
haematopoieticHSCs  in  vivo ,  BCR-ABL-expressing 
HSCs  (GFP+CD34~c-Kit+  Hoe^)  in  the  side  popula¬ 
tion  (SP)  [46]  of  BM  cells  from  the  dasatinib-treated 
CML  mice  were  not  completely  eradicated  by  dasa¬ 
tinib  treatment  [19].  This  and  other  results  suggest 
that  neither  dasatinib  nor  imatinib  will  cure  CML  and 
that  targeting  at  least  one  additional  component  of 
leukaemic  stem  cells  is  required  for  curing  the  dis¬ 
ease.  The  inability  of  dasatinib  or  possibly  other 
kinase  inhibitors  to  completely  eradicate  CML  stem 
cells  may  be  attributed  to  failure  of  the  kinase 
inhibitors  to  access  the  stem  cells.  However,  this  is 
not  the  case,  as  dasatinib  inhibited  BCR-ABL 
phosporylation  in  the  stem  cells  in  vivo  [19],  indicat¬ 
ing  the  drug  entered  and  functioned  in  CML  stem 
cells.  The  observed  dasatinib-resistance  of  CML 
stem  cells  is  not  attributed  to  appearance  of  BCR- 
ABL-T315I  (insensitive  to  dasatinib)  clone  in  the 
mice,  as  sequencing  analysis  of  genomic  DNA  from 
BM  cells  of  these  dasatinib-treated  CML  mice  did  not 
reveal  the  T315I  mutation  in  the  BCR-ABL  kinase 
domain  (data  not  shown).  Wong  et  al.  [47]  show  that 
c-kit  is  involved  in  CML  development,  however,  the 


failure  of  imatinib  and  dasatinib  to  eradicate 
leukaemic  stem  cells  is  not  related  to  c-kit  function, 
as  both  drugs  inhibit  c-kit  [48]. Together,  these  results 
demonstrate  that  inhibition  of  BCR-ABL  kinase  activ¬ 
ity  alone  is  insufficient  to  eradicate  CML  stem  cells, 
leading  to  cure  of  the  disease. 

B-ALL  stem  cells  and  their 
sensitivity  to  kinase  inhibitors 

Although  it  is  unclear  what  the  stem  cells  for  Ph+  B- 
ALL  are,  Ph+  B-ALL  and  CML  could  develop  from  a 
common  stem  cell,  as  chronic  phase  CML  progress¬ 
es  to  acute  lymphoid  leukaemia  and  Ph+  B-ALL  often 
coexists  with  CML  [49].  This  idea  is  supported  by  the 
observation  that  the  same  antiserum  recognizes 
both  B-ALL  cells  and  cells  from  CML  patients  [50]. 
Furthermore,  lymphoid  and  myeloid  leukaemias 
induced  by  BCR-ABL  originate  from  the  same  pro¬ 
genitor  cells  in  mice  [45].  On  the  other  hand,  Ph+  B- 
ALL  induced  by  PI 90  form  of  BCR-ABL  is  rarely 
present  in  CML  [20],  suggesting  a  possibility  that 
early  lymphoid  progenitors  become  the  stem  cells  for 
Ph+  B-ALL.  We  have  noticed  that  the  majority  of 
residual  cells  in  dasatinib-treated  B-ALL  mice  are 
BCR-ABL-expressing  B220+/CD43+  and  B220+/ 
CD43'  pro-/pre-B  cells,  which  may  have  acquired 
self-renewal  capacity  to  function  as  B-ALL  stem 
cells.  We  indeed  observed  that  the  B220+/ 
CD19+/GFP+  cells  sorted  from  bone  marrow  of  B- 
ALL  mice  transferred  lymphoid  leukaemia  in  lethally 
irradiated  syngeneic  mice  [19],  showing  that  BCR- 
ABL-expressing  pro-B  cells  can  function  as  B-ALL 
stem  cells. 

It  is  critical  to  test  whether  B-ALL  is  sensitive  to 
treatment  with  BCR-ABL  kinase  inhibitors.  Imatinib  is 
weakly  effective  in  treating  B-ALL  [11,  19].  Although 
dasatinib  remarkably  prolongs  survival  of  B-ALL 
mice,  there  were  still  small  amount  of  leukaemic  cells 
remaining  in  peripheral  blood  of  these  mice,  even 
after  3  months  of  treatment;  when  dasatinib  treat¬ 
ment  was  stopped,  B-ALL  mice  relapsed  and  died  if 
not  treated  [19].  The  relapsed  B-ALL  mice  remained 
sensitive  to  dasatinib  treatment,  and  the  disease 
could  be  controlled  by  continuous  use  of  this  drug 
[19].  These  results  indicate  that  continuous  dasatinib 
treatment  could  prevent  the  residual  leukaemic  cells 
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(presumably  B-ALL  stem  cells)  from  developing  into 
fatal  B-ALL,  although  this  drug  did  not  completely 
eradicate  B-ALL  stem  cells. 

Compared  with  dasatinib-treated  CML  mice  that 
survived  much  longer  than  untreated  mice,  dasatinib- 
treated  B-ALL  mice  survived  continuously  as  long  as 
the  treatment  continued  [19].  The  more  superb  ther¬ 
apeutic  effect  of  dasatinib  on  B-ALL  than  on  CML 
could  be  due  to  the  activity  of  dasatinib  against  SRC 
kinases.  As  mentioned  above,  the  pathways  that  reg¬ 
ulate  self-renewal  of  stem  cells  for  haematologic 
malignancies  involve  the  Bim-1  [38]  and  Wnt/p- 
catenin  [36]  pathways,  and  SRC  kinases  may  be 
involved  in  regulation  of  the  p-catenin  pathway  [51].  In 
addition,  v-SRC  has  been  shown  to  activate  p-catenin- 
LEFATCF  (lymphoid  enhancer  factor/T-cell  factor- 
mediated  transcription  through  the  mitogen-activated 
protein  kinase  (MAPK)  pathway  [52].  A  possible  role  of 
SRC  kinases  in  self-renewal  of  Ph+  leukaemia  needs 
to  be  further  studied. 

SRC  kinase  may  impact  B-ALL 
stem  cell  functions  through 
activation  of  the  downstream 
signalling  molecule  p-catenin 

Activation  of  p-catenin  in  the  Wnt  signalling  pathway 
has  been  shown  to  play  a  role  in  self-renewal  of 
HSCs  and  proliferation  of  tumour  cells  [33,  34,  53]. 
As  mentioned  above,  this  molecule  is  activated  in 
granulocyte-macrophage  progenitors  of  advanced 
phase  CML  patients  and  is  involved  in  self-renewal 
ability  of  these  cells  in  vitro  [36].  The  striking  thera¬ 
peutic  effect  of  dasatinib,  but  not  imatinib,  on  B-ALL 
[19]  suggests  that  inhibition  of  SRC  kinases  not  only 
played  a  key  role  in  killing  the  highly  proliferating 
leukaemic  cells,  but  also  may  have  an  inhibitory 
effect  on  leukaemic  stem  cells,  which  would  diminish 
the  contribution  of  these  stem  cells  to  the  disease. 
Therefore,  we  investigated  whether  SRC  kinases  are 
involved  in  activation  of  p-catenin  in  BCR-ABL- 
expressing  cells.  We  observed  that  p-catenin  is  acti¬ 
vated  in  the  BCR-ABL-expressing  mouse  pre-B  cell 
line  (BaF/3)  (Fig.  1A).To  test  whether  activated  SRC 
kinases  directly  activate  p-catenin,  we  expressed  v- 
SRC  in  BaF/3  cells.  v-SRC  activated  p-catenin 
(Fig.  IB),  suggesting  that  normal  SRC  kinases  acti¬ 
vated  by  BCR-ABL  may  activate  p-catenin  directly.  To 


provide  supporting  evidence  for  this  hypothesis,  we 
first  compared  the  levels  of  p-catenin  expression  in 
BCR-ABL-expressing  pre-B  leukaemic  cells  in  the 
presence  and  absence  of  the  SRC  kinases  Lyn,  Hck 
and  Fgr.  We  have  previously  shown  that,  while  the 
lack  of  Lyn,  Hck  and  Fgr  causes  a  severe  defect  in 
the  development  of  B-ALL,  BCR-ABL-transduced 
Lynv' Hckv' Fgrv'  bone  marrow  cells  can  grow  under 
Whitlock-Witte  culture  conditions  at  high  cell  density 
[11].  Using  these  conditions  to  test  the  role  of  the 
three  SRC  kinases  in  p-catenin  activation,  we  found 
that  the  level  of  p-catenin  activation  in  Lyn  Hck  Fgr' 
leukaemic  cells  was  lower  than  that  in  wild-type 
leukaemic  cells  (Fig.  1 C).  To  test  whether  inhibition  of 
SRC  kinases  by  dasatinib  down-regulates  p-catenin 
activation,  we  treated  BCR-ABL-T31 51-expressing 
pre-B  leukaemic  cells  with  dasatinib.  p-catenin  acti¬ 
vation  was  inhibited  by  dasatinib  at  100  nM,  and  this 
was  associated  with  complete  inhibition  of  SRC  acti¬ 
vation  (Fig.  1 D).  These  results  link  SRC  kinases  to  p- 
catenin  activation,  implying  that  Src  kinase  may 
impact  B-ALL  stem  cell  functions  through  activation 
of  the  downstream  signalling  molecule  p-catenin. 

Activation  of  SRC  kinases  by 
BCR-ABL  is  independent  of  its 
kinase  activity 

BCR-ABL  activates  SRC  kinases  in  myeloid  cells, 
and  SRC  kinase  inhibitors  impair  cellular  transforma¬ 
tion  by  BCR-ABL  in  cultured  cells  [54].  Stimulatory 
role  of  SRC  kinases  in  transformation  of  lymphoid 
cells  by  BCR-ABL  is  demonstrated  clearly  using 
mice  deficient  for  three  SRC  kinases  LYN,  HCK  and 
FGR,  and  these  three  SRC  kinases  are  shown  to 
play  a  specific  role  in  the  induction  of  B-ALL  not  CML 
[11].  This  lineage-specific  function  of  SRC  kinases 
indicates  that  SRC  kinases  are  good  therapeutic  tar¬ 
gets  for  B-ALL.  The  role  of  Lyn  in  BCR-ABL-induced 
lymphoid  leukaemia  is  also  supported  by  a  study 
using  lymphoid  blastic  cells  from  CML  patients  [55]. 
Lyn  overexpression  or  inhibition  of  Lyn  by  the  Src 
kinase  inhibitor  PP2  leads  to  an  increase  or 
decrease  of  Bcl-2  expression  in  LAMA84  and  K562 
cells  [56],  suggesting  Bcl-2  may  be  a  downstream 
signalling  molecule  of  Lyn  in  BCR-ABL-positive  cells. 
Because  BCR-ABL  activates  SRC  kinases,  it  is  rea¬ 
sonable  to  think  that  inhibition  of  BCR-ABL  kinase 
activity  by  imatinib  would  shut  down  SRC  kinases 
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Fig- 1  Downstream  signalling  molecules  activated  by  SRC 
kinases.  (A)  SRC  kinases  activate  p-catenin  in  BCR-ABL- 
expressing  leukaemic  cells.  Protein  lysates  from  parental 
and  BCR-ABL-expressing  BaF/3  pre-B  cells  were 
analysed  by  Western  blotting  using  anti-p-catenin  and  -p- 
actin  antibodies.  (B)  v-SRC  activates  p-catenin.  Protein 
lysates  from  parental  and  v-SRC-expressing  BaF/3  pre-B 
cells  were  analysed  by  Western  blotting  using  anti-c-SRC, 
-p-catenin,  -p-actin  antibodies.  (C)  Lack  of  LYN,  HCK  and 
FGR  causes  reduction  of  p-catenin  activation  in  BCR- 
ABL-expressing  leukaemic  cells.  Protein  lysates  from 
BCR-ABL-transformed  wild-type  (WT)  and  Lyn/'Hck'/~Fgf/~ 
bone  marrow  cells  were  analysed  by  Western  blotting 
using  anti-p-catenin  and  p-actin  antibodies.  (D)  Inhibition 
of  SRC  kinase  activity  reduces  p-catenin  activation  in 
BCR-ABL-expressing  leukaemic  cells.  Protein  lysates 
from  P210  BCR-ABL-T315I  transformed  WT  bone  marrow 
cells  treated  with  different  concentrations  of  dasatinib  were 
analysed  by  Western  blotting  using  anti-phospho-tyrosine 
(p-Tyr),  c-ABL  (ABL),  p-catenin,  active  SRC  kinase  (SRC- 
Y416),  and  p-actin  antibodies. 


that  are  downstream  of  BCR-ABL.  The  striking  find¬ 
ing  is  that  in  B-lymphoid  cells  imatinib  markedly 
inhibited  BCR-ABL  kinase  activity  but  did  not  result  in 
a  decrease  in  SRC  activation,  indicating  that  while 
imatinib  was  very  effective  in  inhibiting  BCR-ABL 
phosphorylation,  it  was  unable  to  affect  BCR-ABL- 
stimulated  phosphorylation  of  SRC  kinases  [19], 
These  observations  indicate  that  activation  of  SRC 
kinases  by  BCR-ABL  is  independent  upon  its  kinase 
activity,  suggesting  the  necessity  of  targeting  both 
BCR-ABL  and  SRC  kinases  in  treating  B-ALL.  The 


inability  of  imatinib  to  inactivate  SRC  kinases  may 
explain  the  relatively  poor  activity  of  this  drug  against 
Ph+  B-ALL  and  acute  lymphoid  leukaemia. 

Role  of  SRC  kinases  in 
the  development  of  B-ALL 

As  mentioned  above,  the  critical  role  of  SRC  kinases 
in  the  development  of  BCR-ABL-induced  is  first 
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demonstrated  using  the  SRC-deficient  mice  [11].  Are 
SRC  kinases  good  therapeutic  targets  for  B-ALL? 
This  question  was  answered  by  treating  B-ALL  mice 
with  the  dual  SRC/ABL  inhibitor  dasatinib.  The  P210 
form  of  BCR-ABL-T315I  mutant  is  resistant  to  inhibi¬ 
tion  by  both  imatinib  [4,  54,  57]  and  dasatinib  [13]. 
Treatment  of  mice  with  B-ALL  induced  by  BCR-ABL- 
T315I  with  imatinib  or  dasatinib  showed  that  imatinib 
had  no  therapeutic  effect,  whereas  dasatinib  signifi¬ 
cantly  prolonged  survival  of  the  mice  [19],  indicating 
that  targeting  SRC  kinases  alone  prolongs  survival  of 
B-ALL  mice.  However,  targeting  SRC  kinases  alone 
did  not  cure  the  disease,  which  may  be  due  to  the 
incomplete  inhibition  of  SRC  kinase  activity  in  vivo. 
Testing  a  stronger  SRC  inhibitor  would  help  to  reveal 
the  full  potential  of  SRC  kinases  as  therapeutic  tar¬ 
gets  for  B-ALL  induced  by  BCR-ABL. 

The  role  of  SRC  kinases  in  B-ALL  development  is 
further  supported  by  comparing  growth  potential  of 
BCR-ABL-transduced  wild-type  (WT)  and  Lyn^Hck'^ 
Fgrv'  bone  marrow  cells  [19].  Levels  of  BCR-ABL- 
expressing  B220+  B-lymphoid  leukaemic  cells  were 
significantly  lower  in  mice  receiving  BCR-ABL  trans¬ 
duced  Lyn'^Hck^'Fg/'  bone  marrow  cells  than  in 
those  receiving  BCR-ABL  transduced  WT  bone  mar¬ 
row  cells.  Strikingly,  B-lymphoid  leukaemic  cells  in 
some  mice  receiving  the  transduced  Lyri^Hck'^Fgr^ 
bone  marrow  cells  almost  disappeared  5  weeks  follow¬ 
ing  B-ALL  induction,  demonstrating  more  definitively  a 
critical  role  of  SRC  kinases  in  B-ALL  development. 

Inhibition  BCR-ABL  kinase  activity 
and  SRC  kinase  leads  to  long-term 
survival  of  B-ALL  mice 

Imatinib  only  has  a  weak  therapeutic  effect  on  B-ALL 
[19],  and  this  is  likely  due  to  the  fact  that  SRC  kinas¬ 
es  are  still  active  when  BCR-ABL  phosphorylation  is 
inhibited  by  imatinib  [19].  If  so,  shutting  down  simul¬ 
taneously  both  SRC  kinases  and  BCR-ABL  kinase 
activity  with  dasatinib  should  provide  much  more  dra¬ 
matic  therapeutic  effect  on  B-ALL.  Indeed,  dasatinib 
maintained  long-term  survival  of  the  mice  with  B-ALL 
induced  by  PI 90  or  P210  form  of  BCR-ABL.  The 
weak  therapeutic  effect  of  imatinib  is  not  attributed  to 
an  inability  to  inhibit  BCR-ABL  kinase  activity  in  vivo, 
as  imatinib  significantly  inhibited  BCR-ABL  phospho¬ 
rylation,  to  similar  extend  compared  to  dasatinib,  in 


B-lymphoid  leukaemic  cells  from  the  treated  B-ALL 
mice.  These  results  support  the  critical  role  of  SRC 
kinases  in  B-ALL  development. 

Role  of  SRC  kinases  in  progression 
of  CML  to  lymphoid  blast  crisis 

Additional  genetic  alterations,  such  as  mutations  in 
the  tumour  suppressor  genes  INK4a,  pRB  and  p53 
are  associated  with  the  transition  from  CML  chronic 
phase  to  acute  (blastic)  phase  [23-25].  A  recent 
study  showed  that  Arf  gene  loss  enhances  onco¬ 
genicity  of  and  limits  imatinib  response  to  BCR-ABL- 
induced  B-ALL  in  mice  [58].  Chronic  phase  CML 
responds  to  imatinib  treatment,  but  imatinib  becomes 
much  less  effective  after  the  disease  advances  to 
blastic  phase.  In  mice,  serial  transplantation  of  CML 
bone  marrow  cells  to  recipient  mice  leads  to  develop¬ 
ing  acute  lymphoid  leukaemia  [59].  When  mice  were 
transplanted  with  BCR-ABL  transduced  bone  mar¬ 
row  cells  from  either  WT  or  Lyn'^ Hck'^ Fgrv'  mice  to 
induce  CML,  followed  by  subsequently  transferring 
bone  marrow  CML  cells  into  lethally  irradiated  syn¬ 
geneic  recipient  mice,  mice  receiving  WT  CML  bone 
marrow  cells  developed  B-ALL,  whereas  none  of  the 
mice  receiving  Lyn/~Hck~/~Fgr/~  CML  BM  cells  devel¬ 
oped  this  disease.  This  result  indicates  that  CML 
transition  to  lymphoid  blast  phase  requires  SRC 
kinases.  Inhibition  of  SRC  kinases  by  dasatinib  may 
reflect  therapeutic  effect  of  this  drug  on  B-ALL 
patients  [60,  61].  It  is  important  to  mention  that  tar¬ 
geting  SRC  kinases  are  less  effective  in  treating  B- 
ALL  when  tumour  suppressor  gene  function  is  defec¬ 
tive,  as  dasatinib-treated  recipients  of  BCR-AB-trans- 
duced  bone  marrow  cells  from  p53-deficient  mice 
survived  longer  than  those  treated  with  imatinib,  but 
eventually  died  [19],  These  results  suggest  that  loss 
of  tumour  suppressor  function  impedes  effectiveness 
of  dasatinib  or  likely  other  kinase  inhibitors  in  treating 
BCR-ABL-induced  B-ALL,  and  identification  of  muta¬ 
tions  in  these  tumour  suppressor  genes  in  patients  is 
useful  in  guiding  drug  therapy  of  Ph+  leukaemia. 


Comments  and  conclusions 

It  is  still  an  open  question  whether  BCR-ABL  kinase 
inhibitors  cure  Ph+  leukaemia.  Studies  in  mice  show 
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Fig.  2  Simultaneous  targeting  of  both  leukaemic  stem  cells  and  highly  proliferative  leukaemic  cells  may  lead  to  cure  of 
Ph+  leukaemia.  Treatment  with  BCR-ABL  kinase  inhibitors  does  not  cure  CML  and  B-ALL  induced  by  BCR-ABL  in  mice, 
this  is  likely  due  to  the  inability  of  these  inhibitors  to  kill  leukaemic  stem  cells.  Therefore,  combination  of  anti-stem  cell 
agents  and  BCR-ABL  kinase  inhibitors  would  be  a  promising  therapeutic  strategy  for  Ph+  leukaemia. 


that  sole  inhibition  of  BCR-ABL  kinase  activity  by 
imatinib  has  an  effect  in  treating  Ph+  B-ALL  and  CML 
but  is  not  sufficient  to  achieve  complete  control  of  the 
diseases.  One  of  the  reasons  is  because  inhibition  of 
BCR-ABL  kinase  activity  by  imatinib  does  not  inacti¬ 
vate  some  BCR-ABL  activated  signalling  pathways 
such  as  SRC  kinases,  which  are  essential  to  B-ALL 
development.  Sustained  activation  of  these  pathways 
would  allow  leukaemic  cells  to  survive  treatment  with 
drugs  that  inhibit  only  BCR-ABL  kinase  activity, 
allowing  accumulation  of  BCR-ABL  mutations  asso¬ 
ciated  with  drug  resistance.  Thus,  simultaneous  tar¬ 
geting  of  these  BCR-ABL  kinase  activity-independ¬ 
ent  pathways  and  BCR-ABL  kinase  activity  would 
provide  a  significantly  improved  therapeutic  strategy 


for  Ph+  leukaemia.  This  strategy  is  against  the  idea 
that  complete  and  sole  inhibition  of  BCR-ABL  kinase 
activity  would  completely  inhibit  BCR-ABL  functions. 
On  the  other  hand,  BCR-ABL-activated  SRC  kinases 
alone  may  not  be  efficient  in  transformation  of  B-lym- 
phoid  cells,  however,  they  are  sufficient  to  maintain 
survival  and  stimulate  proliferation  of  the  leukaemic 
cells  under  treatment  of  BCR-ABL  kinase  inhibitors. 
Although  the  next  generation  of  BCR-ABL  kinase 
inhibitors  aims  at  increasing  drug  potency  or  overrid¬ 
ing  imatinib  resistance,  BCR-ABL  kinase  activity- 
independent  pathways  must  be  targeted  to  achieve  a 
durable  therapeutic  effect  in  patients  with  Ph+  acute 
lymphoid  leukaemia.  Effectiveness  of  dasatinib  in 
preventing  or  delaying  transition  of  CML  chronic 
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phase  to  acute  lymphoid  leukaemia  and  in  treating 
acute  lymphoid  leukaemia  with  compromised  tumour 
suppressor  function  provides  a  rationale  for  the  early 
and  continuous  use  of  dasatinib  in  chronic  phase 
CML  patients.  Comparing  to  patients  with  compro¬ 
mised  tumour  suppressor  functions,  the  early  use  of 
dasatinib  would  be  more  effective  in  preventing  tran¬ 
sition  of  patients  with  chronic  phase  CML  to  lymphoid 
blast  crisis  and  for  management  of  patients  with 
advanced  lymphoid  leukaemia.  This  idea  is  indirectly 
supported  by  the  clinical  observation  that  dasatinib  is 
effective  in  treating  Ph+  B-ALL  patients  [60].  Our 
thoughts  are  that,  if  the  BCR-ABL-T315I  mutation 
that  does  not  respond  to  dasatinib  treatment  is 
absent  from  the  leukaemic  cell  population,  dasatinib 
treatment  may  lead  to  long-term  remission  of  B-ALL. 

Most  challenging  issue  in  therapy  of  Ph+ 
leukaemia  deals  with  leukaemic  stem  cells.  Although 
dasatinib  could  help  achieve  long-term  control  of  B- 
ALL  in  mice,  curative  drug  therapy  of  this  disease 
would  require  targeting  quiescent  leukaemic  stem 
cells  [62]  in  addition  to  BCR-ABL  kinase  activity  and 
SRC-dependent  pathways.  Identification  of  CML  and 
B-ALL  stem  cells  in  mice  [19]  is  significant,  as  it  pro¬ 
vides  a  model  system  for  studying  the  biology  of 
leukaemic  stem  cells.  Identification  of  pro-B 
leukaemic  cells  as  stem  cells  for  B-ALL  is  important, 
as  it  indicates  that  pro-B  progenitors  could  acquire 
self-renewal  capacity  to  become  the  major  source  of 
highly  proliferating  B-lymphoid  leukaemic  cells  in  B- 
ALL  mice.  Therefore,  complete  inhibition  of  growth  of 
this  leukaemic  population  could  achieve  long-term 
survival  of  B-ALL  mice.  This  also  promotes  the  effort 
in  testing  whether  other  progenitor  lineages  could 
also  acquire  stem-like  properties.  It  will  be  important 
to  assess  whether  the  stem  cells  identified  in 
leukaemic  mice  can  be  similarly  found  in  Ph+ 
leukaemia  patients.  Finally,  insensitivity  of  leukaemic 
stem  cells  in  mice  to  inhibition  by  both  imatinib  and 
dasatinib  [19]  prompts  us  to  identify  unknown  path¬ 
ways  in  leukaemic  stem  cells  for  developing  curative 
therapies  for  Ph+  leukaemia  (Fig.  2).  It  is  important  to 
mention  that  in  human  CML  patients  the  ineffective¬ 
ness  of  kinase  inhibitors  to  completely  eradicate 
leukaemic  cells  could  also  be  due  to  the  pre-existing 
BCR-ABL  kinase  domain  mutations,  as  shown  by  the 
elegant  work  from  Ottmann’s  group  [63].  It  will  be  crit¬ 
ical  to  investigate  whether  these  mutations  exist  in 
leukaemic  stem  cells  of  CML  patients  before  they  are 
treated  with  kinase  inhibitors.  On  the  other  hand, 


there  are  other  kinase  inhibitors  that  inhibit  multi¬ 
ple  kinases  in  cancer  cells.  For  example,  the 
Aurora  kinase  VX-680  (MK-0457)  suppresses 
tumour  cell  growth  and  also  inhibits  BCR-ABL 
kinase  including  imatinib-resistant  mutant  BCR- 
ABL  [64-69].  It  is  worth  testing  whether  this  kind  of 
inhibitors  would  have  an  inhibitory  effect  on 
leukaemic  stem  cells. 
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